Transcriptional profiling of the porcine response of Salmonella infection by Uthe, Jolita
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2005 
Transcriptional profiling of the porcine response of Salmonella 
infection 
Jolita Uthe 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Uthe, Jolita, "Transcriptional profiling of the porcine response of Salmonella infection" (2005). 
Retrospective Theses and Dissertations. 20967. 
https://lib.dr.iastate.edu/rtd/20967 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Transcriptional profiling of the porcine response to Salmonella infection 
by 
Jolita Uthe 
A thesis submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Genetics 
Program of Study Committee: 
Christopher K. Tuggle, Major Professor 
Shawn M.D. Bearson 
Susan J. Lamont 
James A. Harp 
Iowa State University 
Ames, Iowa 
2005 
Copyright© Jolita Uthe, 2005. All rights reserved. 
11 
Graduate College 
Iowa State University 
This is to certify that the master's thesis of 
Jolita Uthe 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
This thesis is dedicated to my mother as it was her faith in me and her devotion in helping to 
raise my family that has brought me this far 
Sis magistro darbas yra skiriamas mano mamai, nes tiktai jos begalinis atsidavimas ir pagalba 
auginant mano vaikus igalino mane pasiekti tiek daug 
IV 
TABLE OF CONTENTS 
LIST OF FIGURES 
LIST OF TABLES 
CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Thesis organization 
Literature review 
Salmonella nomenclature 
Salmonella in domestic animals 
General characterization of Salmonella 
General structural characteristics 
Type III secretion system 
Salmonella pathogenicity islands 
Salmonella virulence plasmids 
Mechanisms of Salmonella pathogenesis 
Invasion of host cells by Salmonella 
Survival of Salmonella within eukaryotic cells 
Host response to Salmonella - innate and adaptive immunity 
Peripheral lymphoid organs involved in host response 
Salmonella 
Vl 
Vll 
1 
1 
2 
3 
3 
3 
5 
5 
7 
7 
9 
10 
10 
15 
17 
to 18 
General molecular mechanisms of host response to Salmonella 21 
Intestinal epithelium 23 
Macrophages 25 
Dendritic cells 28 
Polymorphonuclear neutrophils 29 
Development of protective immunity against Salmonella: T and B 31 
lymphocytes 
Salmonella-host specificity 35 
Finding new genes - how? 40 
Conclusions 42 
CHAPTER 2. ANALYSIS OF PORCINE DIFFERENTIAL GENE 44 
EXPRESSION FOLLOWING CHALLENGE WITH SALMONELLA 
ENTER/CA SEROV AR CHOLERAESUIS USING SUPPRESSION 
SUBTRACTIVE HYBRIDIZATION 
Abstract 44 
Introduction 45 
Materials and Methods 46 
Results 50 
Discussion 53 
v 
Acknowledgements 57 
Figure legends 57 
References 65 
CHAPTER 3. THE HOST-SPECIFIC PORCINE RESPONSE TO SALMONELLA 68 
ENTERICA SEROV ARS CHOLERAESUIS AND TYPHIMURIUM 
Abstract 68 
Introduction 69 
Materials and Methods 71 
Results 76 
Discussion 81 
Figure legends 91 
References 106 
CHAPTER 4. GENERAL CONCLUSIONS 115 
REFERENCES 117 
ACKNOWLEDGEMENTS 130 
Vl 
LIST OF FIGURES 
CHAPTER2. 
Figure 1. Differentially expressed porcine genes identified by SSH in swine 61 
experimentally-inoculated with S. Choleraesuis 
Figure 2. Real-time PCR of the up-regulated genes identified by SSH in 62 
swine during S. Choleraesuis infection 
Figure 3. Expression of HSP70 is increased in swine during S. Choleraesuis 63 
infection 
Figure 4. Expression of DNAJA4:pDJA1 chaperone is increased in swine 64 
during S. Choleraesuis infection 
CHAPTER3. 
Figure 1. Differential expression of swine tumor necrosis factor-a (TNF) and 102 
interferon-y (IFNG) during infection with S. Choleraesuis and S. 
Typhimurium 
Figure 2. Real-time PCR of cDNA for porcine genes identified by SSH as 103 
up-regulated at 24 h during infection with S. Choleraesuis as compared to S. 
Typhimurium 
Figure 3. Real-time PCR of cDNA for porcine genes identified by SSH as 104 
up-regulated at 24 h during infection with S. Typhimurium as compared to S. 
Choleraesuis 
Figure 4. Comparison of swine immune marker gene expression in S. 105 
Choleraesuis vs. S. Typhimurium infected pigs 
Vll 
LIST OF TABLES 
CHAPTER2. 
Table 1. SSH-identified up-regulated porcine genes during S. Choleraesuis 
infection 59 
Table 2. Gene expression (Ct values) from swine mesenteric lymph nodes 
during S. Choleraesuis infection 60 
CHAPTER3. 
Table 1. Up-regulated porcine genes of the mesenteric lymph nodes 93 
identified by SSH in swine infected with S. Choleraesuis compared to S. 
Typhimurium at 24 h p.i 
Table 2. Up-regulated porcine genes of the mesenteric lymph nodes 95 
identified by SSH in swine infected with S. Typhimurium compared to S. 
Choleraesuis at 24 h p.i. 
Table 3. Differentially expressed porcine genes identified by SSH during S. 97 
Choleraesuis and S. Typhimurium infections 
Table 4. Gene expression (Ct values) from swine mesenteric lymph nodes 99 
during S. Choleraesuis and S. Typhimurium infections 
Table 5. Immune gene expression (Ct values) from swine mesenteric lymph 100 
nodes during S. Choleraesuis infection 
Table 6. Immune gene expression (Ct values) from swine mesenteric lymph 101 
nodes during S. Typhimurium infection 
1 
CHAPTERl. GENERAL INTRODUCTION 
Introduction 
The members of the genus Salmonella are a food safety concern and an animal health 
issue. The genus Salmonella consists of Gram-negative facultative intracellular bacteria and 
belongs to the family of Enterobacteriaceae. Ubiquitous in nature, Salmonella spp. have 
been recovered from almost all vertebrates, from reptiles and birds to mammals (Finlay and 
Falkow 1989; Edwards et al. 2002). Worldwide, Salmonella spp. have been one of the major 
causes of bacterial food-borne zoonotic infections for many years (Thorns 2000; Mao et al. 
2003; Lukinmaa et al. 2004). Complicating the treatment and control of salmonellosis in 
human and animals, antibiotic resistant Salmonella serovars have recently emerged (Wray 
and Wray 2000; Hendriksen et al. 2004). In 1995, the World Health Organization reported 
more than 1.3 billion cases of non-typhoid human salmonellosis worldwide with three 
million deaths (Pang et al. 1995). While these estimates represent the global picture, more 
recent reports indicate that Salmonella is one of the most common sources of human 
enterocolitis in the United States with about 1.4 million cases of human non-typhoid 
salmonellosis and about 600 Salmonella-associated deaths occurring each year (reviewed in 
Mermin et al. 2004; Velge et al. 2005). Moreover, about 50% of Salmonella enterica serovar 
Typhimurium (S. Typhimurium), the serovar most frequently isolated from humans in 2001, 
were found to be resistant to at least one antibiotic (CDC, 2001, www.cdc.gov). Most non-
typhoid Salmonella infections in humans are caused by consumption of contaminated meat, 
raw milk or eggs (Humphrey 2004; Mermin et al. 2004). According to the National Animal 
Health Monitoring System (NAHMS) reports for 2000, salmonellosis is one of 10 most 
common diseases among the weaning age and grower-finisher pigs in the United States. On 
average, Salmonella was detected in about 6.6% of weaning age pig sites and about 8.4% of 
grower-finisher pig sites. Additionally, in 1995 Salmonella was found in 38.2% of fecal 
samples from 152 finisher swine operations (988 pens) throughout the country, with 
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proportion of herds shedding Salmonella ranging from 32.2 to 57.1. Furthermore, from 187 
beef cow-calf operations tested in 1997-1998, Salmonella was recovered from 11.2% of the 
operations. In addition, Salmonella isolates from cattle demonstrated the most common 
resistance to Sulfamethoxazole and Streptomycin (11.5% of isolates each). While NAHMS 
reports that S. Typhimurium represents 26.5-28.2% of the Salmonella found in dairy cattle, 
other studies indicate that this serovar is also common in poultry and swine. Thus, control of 
salmonellosis in industrial domestic animal breeds is an important task. A better 
understanding of Salmonella pathogenesis and the specific host response to the pathogen are 
important areas of research, potentially leading to improved animal health and decrease of 
salmonellosis incidences in man. 
Thesis Organization 
This thesis is written in the alternative format. Following the introduction in Chapter 
One is an in-depth review of the literature relevant to this work. Chapters Two and Three 
represent studies completed for this thesis and are written in the formats appropriate for 
submission to their respective journals. The manuscripts contained in Chapter Two and Thee 
were accepted for publication in Veterinary Microbiology and intended for submission to 
Infection and Immunity, respectively. Chapter Two describes the transcriptional response of 
swine to Salmonella enterica serovar Choleraesuis (S. Choleraesuis ), a swine-adapted 
Salmonella serovar. Chapter Three analyzes the differences in the porcine transcriptional 
response to infection with S. Choleraesuis and generalist serovar S. Typhimurium. 
Transcriptional profiling by real-time PCR of 24 swine immune genes, described in Chapter 
Three, was performed in collaboration with Dr. Joan Lunney at Animal Parasitic Diseases 
Laboratory, ANRI, ARS, USDA, Beltsville, MD, 20705. Otherwise, all other research was 
performed by Jolita Uthe. Chapter Four presents the summary of general conclusions of this 
thesis. Lastly, the alphabetical listing of references cited in Chapters One and Four 
completes the thesis. 
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Literature Review 
Salmonella nomenclature 
Current taxonomy of Salmonella identifies two species, Salmonella enterica (S. 
enterica) and Salmonella bongori (S. bongori). S. enterica can be divided into several 
subspecies including enterica (I), salamae (II), arizonae (Illa), diarizonae (Illb ), houtene 
(IV) and indica (VI). Subspecies can be divided into serovars that may display different 
phage types. A large number of clinically important serovars belong to S. enterica subsp. 
enterica, including Choleraesuis, Enteritidis, Typhimurium, Typhi, Paratyphi, Dublin, 
Abortusovis, Gallinarum and Pullorum. Phylogenetically older S. bongori is rarely 
associated with human or animal disease (Tindall et al. 2005). To comply with opinion 80 
issued by Judicial Commission of the International Committee on the Systematics of 
Prokaryotes, as well as recommendations by CDC and WHO, name abbreviations for 
Salmonella enterica subsp. enterica serovar Example will be abbreviated S. Example 
throughout this thesis. 
Salmonella in domestic animals 
With over 2500 known Salmonella serovars, the ability of Salmonella to produce 
specific disease in the host is determined by unique host-pathogen interactions. The 
pathogenicity of Salmonella to humans and animals often depends on the degree of host 
adaptation, and it has been viewed that Salmonella-host adaptation is more the ability of a 
pathogen to circulate and persist in a particular host population (reviewed in Kingsley and 
Baumler 2000; Velge et al. 2005). Ubiquitous Salmonella serovars, such as Typhimurium 
and Enteritidis, have the potential to infect a broad spectrum of hosts from humans to 
animals. Both serovars can cause typhoid-like infection in humans and mice, but generally 
cause less severe gastrointestinal infection and can persist asymptomatically in the host for 
months (Edwards et al. 2002; Rabsch et al. 2002; reviewed in Velge et al. 2005). For 
instance, after gastrointestinal illness, swine and cattle infected with S. Typhimurium and 
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chickens infected with both S. Typhimurium and S. Enteritidis develop a carrier state leading 
to stress-related shedding and possible horizontal transmission to other species (Smith et al. 
1979; Wood and Rose 1992; Schwartz 1999; Marg et al. 2001; Wells et al. 2001; De Buck et 
al. 2004; Sadeyen et al. 2004). In addition to enteric disease, S. Typhimurium can 
occasionally cause systemic illness in cattle, sheep and domestic fowl (Wray and Wray 
2000). 
Some Salmonella serovars are primarily adapted to a single species and rarely cause 
disease in animals other than their host. Host-adapted Salmonella enterica serovars such as 
Dublin (cattle), Abortusovis (small ruminants), Choleraesuis (swine), Paratyphi (humans) 
and Gallinarum (birds) generally produce systemic infections in their hosts (Schwartz 1999; 
Montagne et al. 2001; Edwards et al. 2002). In adult cattle, S. Dublin causes abortions and 
reproductive disorders with the pathogen often progressing into a carrier state, while in 
calves, S. Dublin can result in deadly systemic infection (Wray and Wray 2000). Sheep 
infected with S. Abortusovis usually abort and often can shed the pathogen 
asymptomatically. However, lambs infected with S. Abortusovis often die from septicemia. 
In swine, infection with S. Choleraesuis results in systemic illness due to septicemia, 
enterocolitis and often pneumonia and hepatitis (Schwartz 1999; Chiu et al. 2004). Infection 
of birds with S. Gallinarum results in fowl typhoid and high mortality with the pathogen 
persisting on chicken farms from year to year (Wray and Wray 2000). 
Other Salmonella enterica serotypes are host-specific and infect predominantly a 
single host, for example Typhi (humans) and Pullorum (chickens) (Edwards et al. 2002). S. 
Typhi causes typhoid symptoms in humans that can be severe; furthermore, the pathogen can 
establish a persistent infection (Parry et al. 2002). S. Pullorum causes pullorum disease in 
chickens characterized by systemic infection, diarrhea, chronic wasting and high mortality. 
However, some chicken breeds, such as White Leghorn were found to be genetically more 
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resistant to pullorum disease potentially due to improved body temperature control (Wray 
and Wray 2000). 
In general, it is the Salmonella serotype and the host involved that dictates the 
severity of the systemic or gastrointestinal infection as well as the carrier status in the host. 
For instance, S. Choleraesuis, S. Typhisuis, S. Typhimurium, and S. Typhi, respectively, 
cause systemic infection, wasting enteric infection with pneumonia, gastroenteritis, and no 
clinical or pathological signs in swine (Schwartz 1999). Several aspects of host's anti-
Salmonella defense, including differences in innate immune recognition and intensity of 
phagocytic and bactericidal activity of phagocytes, have been shown to determine the 
outcome of Salmonella infection (van Diemen et al. 2002). However, specific genetic factors 
of both the bacteria and the host underlying the specificity of host-pathogen interactions and 
differences between Salmonella strains still remain to be determined and/or explored for 
many hosts' species and Salmonella serotypes combinations (Barrow et al. 1994; Weinstein 
et al. 1998; Lam-Yuk-Tseung and Gros 2003; Zhang et al. 2003). 
General characterization of Salmonella 
General structural characteristics. Similar to other members of the family 
Enterobacteriaceae, Salmonella are aero-anaerobic, Gram-negative straight rods, generally 
motile (with the exception of some serovars, such as S. Gallinarum) with peritrichous flagella 
(Wray and Wray 2000). Three antigens are classically associated with Salmonella: somatic 
(0), flagellar (H) and, mostly for S. Typhi, surface (Vi). These antigens are traditionally 
used for typing of Salmonella organisms, a system created more than 70 years ago by White, 
Kauffmann and Le Minor (WKL ). The outer envelop of Salmonella consists of a 
cytoplasmic inner membrane, peptidoglycan (murein) and outer membrane, with the 
periplasmic space between the two membranes. An important glycolipid component of the 
outer membrane is lipopolysacchride (LPS), implicated in triggering host immune signaling 
in response to the pathogen (Takeda et al. 2003; Miyake 2004). On the surface of the 
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bacterial cell, Salmonella also express fimbriae, hair-like appendages that belong to a family 
of proteinaceous surface organelles (Wray and Wray 2000). The Salmonella genome 
contains a large number of fimbrian gene sequences that encode fimbrian adhesins assembled 
by three independent pathways, a chaperone-usher pathway, a general secretion pathway for 
assembly of type IV fimbriae and an extracellular nucleation-precipitation pathway for 
aggregative fimbriae (reviewed in Soto and Hultgren 1999; Humphries et al. 2001). The S. 
Typhi genome contains 14 fimbrian operons that include a type IV fimbriae, an aggregative 
fimbriae and 12 chaperone-usher dependent fimbrian operons. Differences in the genetic 
composition of Salmonella serovars can be observed by S. Typhimurium containing an 
aggregative fimbriae and six chaperone-usher dependent fimbrian operons while S. 
Enteritidis has an aggregative fimbriae and three chaperone-usher dependent fimbrian 
operons (reviewed in Humphries et al. 2001). Thus, Salmonella serovars may share common 
fimbrian operons, with transcription of at least some fimbrial genes regulated by phase 
variation; however, the composition of fimbrian gene sequences in each Salmonella serovar 
appears to be unique (Townsend et al. 2001). Although fimbriae have been implicated in 
Salmonella-host adaptation, a correlation between a single fimbrian operon and a specific 
host has not been found. In general, a variety of described Salmonella fimbriae play a role in 
intestinal colonization by mediating bacterial attachment to the target host cells and possibly 
determining adhesion specificity (reviewed in Humphries et al. 2001). 
Salmonella motility is driven by the flagellum, an organelle that extends from the 
cytoplasm to the bacterial cell exterior. The flagellum is composed of a basal body 
consisting of a rod shape MS ring that traverses the cellular membrane, periplasmic space 
and outer membrane; the flagellar motor; the switch that regulates direction of rotation; the 
cylindrical hook; and the flagellar filament, a thin long cylindrical structure (with a helical 
morphology) (reviewed in Macnab 2003). The initial stage of flagellum assembly utilizes 
a general secretory (Sec) pathway for secretion of their structural components across the 
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inner cellular membrane. The more sophisticated Sec-independent type III secretion 
system (TTSS) is used to build an extracellular structure (reviewed in Kimbrough and 
Miller 2002; Macnab 2003; Stephenson 2005). In addition to using TTSS for export of 
structural proteins, the flagellum employs TTSS to export flagellar regulatory proteins into 
the surrounding environment (reviewed in Journet et al. 2005). 
Type III secretion system. In pathogenic bacteria such as Salmonella, a delivery 
mechanism is employed, referred to as the type III secretion system (TTSS), that functions in 
the delivery of virulence factors directly from the bacterial cytoplasm to the host-cell 
(reviewed in (Kimbrough, 2002}. The TTSS is highly conserved in many Gram-negative 
pathogens including Salmonella and generally exhibits a needle-like structure referred to as 
the needle complex, composed of a cylindrical basal body, a channel extending between the 
bacterial inner and outer membranes, and a hollow extracellular needle structure (reviewed in 
Kimbrough and Miller 2002; Macnab 2004; Abe et al. 2005; Journet et al. 2005). The TTSS 
is activated upon bacterial attachment to a host cell. It functions as injection machinery, 
delivering pore-forming factors into the host cell membrane to translocate bacterial virulence 
effectors directly into the host cytosol (reviewed in Abe et al. 2005). 
Salmonella pathogenicity islands. Salmonella pathogenesis is largely determined by 
pathogenicity islands, genetic elements on the chromosomes of pathogens that encode factors 
responsible for establishing specific Salmonella-host interactions and required for virulence 
(reviewed in Groisman and Ochman 1996; Hensel 2004). At present, molecular analysis of 
Salmonella pathogenesis has identified 12 Salmonella pathogenicity islands (SPis). The 
majority of SPis were acquired by horizontal gene transfer, and the acquisition of a large 
number of SPis (i.e. 7.8 % of the 4.8 Mb S. Typhi chromosome consist of SPis) signify a 
pivotal role of SPis in the evolution of Salmonella into a highly successful pathogen 
(reviewed in Amavisit et al. 2003; Hensel 2004). Some SPis are conserved throughout the 
genus Salmonella and others are specific to certain serovars. Best characterized SPI-1 and 
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SPI-2 are conserved in Salmonella spp. and S. enterica, respectively, and are known to 
encode TTSS. One subset of SPI-1 effectors was shown to mediate Salmonella invasion of 
non-phagocytic cells while a second subset was implicated in enteropathogenesis, intestinal 
inflammation and diarrheal symptoms. A portion of SPI-2 that encodes factors essential for 
intracellular survival and systemic pathogenesis was described only for S. enterica. SPI-3 
encodes the virulence function associated with the high affinity Mg2+ uptake system, required 
for adaptation to the nutritional limitation of the intra-phagosomal environment. Although 
present in all subspecies of Salmonella, analysis of SPI-3 has revealed extensive variation in 
the SPI-3 structure between different Salmonella subspecies, with SPI-3 being conserved 
only between S. Typhi and S. Typhimurium. SPI-4, found in all subspecies of Salmonella, is 
conserved in S. enterica and encodes several putative virulence factors. The role of SPI-4 
effectors in Salmonella virulence remains to be revealed, however, SPI-4 was recently 
implicated in intestinal colonization of mammalian species in vivo (Morgan et al. 2004). 
SPI-5 is common for Salmonella spp. with some genetic variability between different 
subspecies (reviewed in Hensel 2004). SPI-5 encodes several effectors that contribute to 
enteropathogenesis and are regulated and translocated by TTSSs encoded in both SPI-1 and 
SPI-2, signifying a regulatory and functional cross-talk between the SPis. For example, SPI-
5 encoded SopB, an inositol phosphatase implicated in invasion-associated host cytoskeleton 
rearrangements, is transcriptionally regulated by SPI-1 and SopB effector is translocated by 
TTSS encoded in SPI-1 (Knodler et al. 2002; Patel and Galan 2005). On the other hand, SPI-
5 encoded PipB is expressed under intracellular, SPI-2 inducing conditions and is 
translocated by SPI-2 encoded TTSS (Knodler et al. 2002; Knodler and Steele-Mortimer 
2003). SPI-6, also called Salmonella chromosomal island (SCI), was detected in S. enterica 
subspecies I with some portions of SPI-6 found in S. enterica subspecies IIIb, IV and VII, 
suggesting variable genetic organization of SPI-6. SPI-6 encodes Salmonella invasin as well 
as a gene cluster for fimbriae (reviewed in Hensel 2004). SPI-7 or major pathogenicity 
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island is specific for S. Typhi, Dublin and Paratyphi. It encodes Vi antigen (a capsular 
exopolysaccharide), SopE (an effector of SPI-1 encoded TTSS) and a pilus gene cluster. 
SPI-8 is specific for S. Typhi and encodes bacteriocin genes, putative virulence factors of 
presently unknown function. SPI-9 is found in S. enterica subspecies I and encodes a 
putative toxin and type I secretion system. SPI-10 encodes Sef fimbriae, virulence factors 
restricted to a subset of Salmonella serovars including Typhi and Enteritidis and possibly 
associated with pathogen-host specificity. Characterization of antibiotic resistance factors of 
Salmonella serovars led to the identification of another SPI named Salmonella genomic 
island 1 (SGI-1) in multi-drug resistant S. enterica subspecies I serovars including 
Typhimurium DT104, Paratyphi B and Agona. It was found that SGI-1 containes genes for 
resistance to tetracycline, ampicillin, chloramphenicol, streptomycin and sulfonamides 
(penta-resistance phenotype). Although, chromosomal SGI-1 encoded Salmonella antibiotic 
resistance is thought to be more stable than plasmid-borne antibiotic resistance, the presence 
of DNA mobility-associated genes (transposase, integrase and excisionase) was described in 
SGI-1, suggesting site-specific recombination and horizontal transfer of antibiotic resistance 
genes. Indeed, variants of SGI-1 present in S. Typhimurium DT104 were found in other 
Salmonella serovars at the same chromosomal location. An additional SPI common to a 
variety of Gram-negative bacteria is high pathogenicity island (HPI), implicated in the ability 
of bacterial strains to cause septicemic infections. HPI was ascribed to S. enterica subspecies 
Illa, IIIb and IV with the role of HPI in isolates of some subspecies remaining to be 
analyzed. 
Salmonella virulence plasmid. The virulence properties and ability of S. enterica 
subspecies I serovars to cause systemic infection depend on the presence of a large, 65-100 
kb virulence plasmid within the bacterial cell (Gulig and Curtiss 1987); reviewed in Marcus 
et al. 2000). Although composition of Salmonella virulence plasmids (SVP) differs between 
Salmonella serovars, generally they contain a conserved 8 kb spv operon (Salmonella 
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plasmid virulence) (Guiney et al. 1995a). This operon contains five genes, a positive 
regulator spvR and four structural genes (spvABCD) whose expression is regulated by 
chromosomal RpoS (Guiney et al. 1995b). Expression of spv genes is induced upon 
Salmonella entry into mammalian cells and is required for intracellular bacterial survival and 
growth. Studies indicate that Salmonella serovars that lack the spv genes are less able to 
proliferate beyond the superficial epithelial layer, and therefore, tend to cause gastroenteritis 
as opposed to systemic infections (reviewed in Fluit 2005). In addition, spv genes are 
essential in apoptosis induction of infected host cells. The spv operon was also found to 
harbor antibiotic resistance genes possibly through recombination between virulence and 
antibiotic resistance plasmids. 
Although the molecular aspects of Salmonella are still being investigated, it is 
remarkable how the evolution of Salmonella extending over a range of horizontal 
acquisitions such as SPis and SVPs resulted in the multitude of serovars capable of infecting 
a diverse range of animals from reptiles to mammals (reviewed in Marcus et al. 2000). The 
degree of bacterial pathogenicity is influenced by bacterial virulence determinants and their 
interaction with host factors. 
Mechanisms of Salmonella pathogenesis 
Invasion of host cells by Salmonella. Upon natural infection via the oral or ora-
nasal route, Salmonella serovars exhibit a tropism to intestinal lymphoid tissue, such as 
mammalian Peyer's patches or caecal tonsils in birds (reviewed in Santos and Baumler 
2004). However, the initial site of entry may to some extent depend on the route of exposure, 
as respiratory-oral exposure of swine to S. Typhimurium resulted in initial colonization of 
tonsils and lungs prior to appearance in the gut (Fedorka-Cray et al. 1995). Nevertheless, 
preferred targets of Salmonella invasion are M cells, specialized antigen-sampling epithelial 
cells located in the follicle-associated epithelium overlying the organized gut mucosa-
associated lymphoid tissues such as the intestinal Peyer's patches (Jepson and Clark 2001). 
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Although other cells of the follicle associated epithelium, such as epithelial cells, enterocytes 
and secretory (glob let) cells located at the tips of the absorbent intestinal mucosa, may serve 
as additional sites of Salmonella invasion (Santos et al. 2002), bacterial attachment and 
invasion occurs faster at M cell-covered domed lymphoid follicles (Frost et al. 1997). 
Preference of M cells by the pathogen may be attributed to easy accessibility of the M cell 
apical membrane due to a reduced mucus layer, its irregular and short microvilli, thinner 
glycocalyx and more active endocytic and pinocytic uptake mechanisms compared to 
columnar epithelium (reviewed in Jepson and Clark 2001). 
Attachment of Salmonella to epithelial cells, including M cells, is required for 
invasion in vivo and in vitro and largely depends on the expression of multiple fimbrial 
adhesins (reviewed in Darwin and Miller 1999; Humphries et al. 2001). For instance, 
mutation of the S. Typhimurium gene coding for type 1 fimbriae rendered the bacteria non-
invasive for swine enterocytes in vivo (Althouse et al. 2003). In addition, fimbriae-mediated 
attachment may allow Salmonella serovars to distinguish between different epithelial cells 
thereby selecting their target cell for invasion (Thankavel et al. 1999). Furthermore, phase 
variation of fimbrial operons may be used by Salmonella serovars to evade host immune 
responses. Host cell factors used by Salmonella for adhesion to target cells are not well 
defined, although involvement of cell surface receptors such as major histocompatibility 
complex (MHC) class I, cystic fibrosis conductance regulator (CFTR) and extracellular 
matrix proteins (collagen I, fibronectin, laminin) have been reported (Pier et al. 1998; 
Saarinen et al. 2002; Tsui et al. 2003; Dorsey et al. 2005). Following initial adhesion, 
Salmonella entry into non-phagocytic host cells is facilitated by the bacteria itself and not 
host cell receptors (reviewed in Brumell et al. 1999). 
Important sites of Salmonella entry into eukaryotic cells are lipid rafts, cholesterol 
enriched lipid microdomains, found in cellular and endosomal membranes. Bacterial entry 
through caveolae, a subset oflipid rafts with a flask-like morphology, is believed to be 
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responsible for avoidance of lysosome-phagosome fusion by S. Typhimurium (reviewed in 
Rosenberger et al. 2000b; Duncan et al. 2002). Exploited by bacteria for host cell entry, 
caveolae and lipid rafts may be used by the host as a unique signaling environment to initiate 
proinflammatory responses as different signaling molecules, membrane receptors and 
transporters are concentrated in lipid rafts (Harris et al. 2002). 
Salmonella mediated attachment to and invasion of host intestinal epithelium and M 
cells is dependent on the Salmonella serovar. For instance, human-restricted S. Typhi 
adheres to and invades human intestinal epithelial cells more effectively than S. 
Typhimurium and S. Dublin (Weinstein et al. 1998). In addition, S. Typhimurium readily 
invades murine M cells causing extensive apical membrane rearrangements and cell 
destruction, but S. Typhi penetrates murine M cells at a much lower frequency and does not 
cause M cell obliteration (Jepson and Clark 2001). Furthermore, avian-adapted S. 
Gallinarum does not invade M cells of mice (Pascopella et al. 1995). Differences in porcine 
M cell invasion were reported between S. Choleraesuis and S. Typhimurium. In the swine 
ligated ileal loop model, multiple organisms of S. Choleraesuis invaded M cells whereas only 
one or two organisms of S. Typhimurium were found per cell; furthermore, S. Choleraesuis 
caused more extensive apical membrane rearrangements characterized by lamellipodia and 
filopodia formation or ruffling (Meyerholz and Stabel 2003). 
The Salmonella-host interplay during cellular invasion has been extensively studied 
(Finlay 1997; Galan 2001). Salmonella invasion is generally governed by the type III 
secretion system (TTSS) encoded on Salmonella pathogenicity island 1 (SPI-1; reviewed in 
Galan 2001). However, involvement of SPI-4 for in vivo intestinal colonization of 
mammalian species has recently been reported (Morgan et al. 2004). Analysis performed 
using signature-tagged mutagenesis revealed differential involvement of SPis in the 
colonization of different animal hosts as TTSS encoded by SPI-1 and SPI-2 were found to 
contribute minimally to colonization of chickens but were important in colonization of calves 
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(Morgan et al. 2004). Generally, to initiate invasion, the contact-dependent TTSS of 
Salmonella is activated upon bacterial attachment, and effector proteins are injected into the 
host cells by the type III flagellar export system (reviewed in Collazo and Galan 1997). At 
least 13 Salmonella proteins are delivered by the TTSS into the host cytosol where they 
interact with host cellular components to promote bacterial uptake (reviewed in Darwin and 
Miller 1999). Six Salmonella TTSS effectors are known to be responsible for invasion-
associated, host cytoskeleton rearrangements (Gruenheid and Finlay 2003; Cain et al. 2004; 
Raffatellu et al. 2005). SipA and SipC bind actin filaments and directly influence 
cytoskeleton dynamics while SopE, SopE2, SopB and SptP indirectly induce cytoskeleton 
rearrangements by signal activation through small GTPases of the Rho family, key regulators 
of eukaryotic cellular architecture including formation of actin fibers and focal adhesion 
(RhoA), membrane ruffles and lamelipodia (Rael) and spikes and filopodia (Cdc42) 
(Hayward and Koronakis 2002; Cain et al. 2004; Patel and Galan 2005). The Rho family of 
proteins function by cycling between an active (GTP-bound) and inactive (GDP-bound) state 
(Etienne-Manneville and Hall 2002). In the active state, the Rho family GTPases interact 
with multiple host effectors and signaling molecules involved in cell growth regulation, 
morphogenesis, cell motility, cytokinesis as well as trafficking and organization of 
microtubules and cytoskeleton components. The activity cycle of Rho GTPases in 
mammalian cells is regulated by 3 classes of proteins, guanine nucleotide exchange factors 
(GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide exchange inhibitors 
(GDis) that mediate activation, inactivation and extract inactive GTPase from membranes, 
respectively. TTSS effectors can activate Cdc42 and Rae by two independent mechanisms: 
directly, SopE and SopE2 that act as a GEF, and indirectly, by SopB that alters 
phosphoinositide phosphate (PIP) and inositol phosphate metabolism, generating several 
signaling messengers (Patel and Galan 2005). Activated Rho GTPases (Cdc42 and Rael) 
specifically activate the downstream signaling cascade that results in activation of actin 
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related protein 2/3 complex (ARPC2), a key regulator of eukaryotic cell motility, followed 
by polymerization of actin, leading to filopodia and lamellipodia formation and engulfment 
of bacteria (Ahmadian et al. 2002; Hayward and Koronakis 2002). Remarkably, about 2-3 
hours after entry, invasive Salmonella reverses the active cytoskeleton remodeling, 
employing another TTSS effector, SptP, that mimics eukaryotic GAPs and antagonizes SopE 
and SopB effects by inactivating Cdc42 and Rae and helping the host cell to regain its 
cellular architecture (Patel and Galan 2005). Attachment and invasion of the intestinal 
epithelium by Salmonella serovars occurs relatively quickly (in less than 30 min in mice, 
calves and swine infected with S. Typhimurium and in swine infected with S. Choleraesuis). 
The degree of destruction and death of M cells and sloughing of a follicle-associated 
epithelium during invasion often depends on the Salmonella serovar-host combination. 
Classically, intact pathogens that have passed through the M cells are taken up by 
professional antigen presenting cells, such as dendritic cells and macrophages (reviewed in 
Mowat 2003). After migrating to the mesenteric lymph nodes through draining lymph, 
antigen-loaded DCs prime naYve T cells to differentiate into a Thl subset that subsequently 
home to the gut, produce interferon-y (IFNG) and stimulate further inflammatory responses. 
Interestingly, Salmonella that are deficient in invasion genes encoded by SPI-1 are still able 
to reach systemic sites, indicating an alternative M-cell independent bacterial dissemination 
pathway. In has been suggested that bacterial extraintestinal dissemination is supported by 
CD 18-expressing phagocytes that include dendritic cells (Vazquez-Torres et al. 1999). 
Salmonella taken up by CD 18-expressing cells of the monocyte-macrophage lineage residing 
in intestinal mucosa can be transported through the blood to the spleen and other systemic 
sites. It has been shown that, dendritic cells possess the ability to sample bacterial antigens 
directly in the intestinal lumen (Rescigno et al. 2001 ). Upon experimental infection of 
murine small intestine ligated loops with S. Typhimurium, dendritic cells were recruited to 
the intestinal mucosa, presumably via epithelial signals. Dendritic cells were able to open 
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tight junctions between epithelial cells, creep between them, send dendrites out to the 
intestinal lumen and directly sample the bacteria. Bacterial components, such as LPS can 
then trigger the reorganization of tight junction proteins, causing detachment of dendritic 
cells from junctions with intestinal epithelial cells and allowing them to migrate into the 
draining mesenteric lymph nodes. In all, invasion allows Salmonella to move into the 
basement membrane of intestinal epithelium. Carried inside the antigen presenting cells, 
Salmonella can reach the mesenteric lymph nodes through draining lymph and enter the 
systemic organs through the blood (Jones et al. 1994; Santos et al. 2002; Meyerholz and 
Stabel 2003). 
Survival of Salmonella within eukaryotic cells. Salmonella can survive and 
replicate within a variety of eukaryotic cells (Finlay 1997; Knodler and Steele-Mortimer 
2003). Regardless of cell type, Salmonella survives and replicates within discrete membrane 
vacuoles referred to as Salmonella containing vacuoles (SCV). It has been suggested that 
Salmonella-host specificity may determine the survival capacity of the various Salmonella 
serovars within the host macrophages, as S. Typhi has an increased ability to survive and 
proliferate within human macrophages while S. Typhimurium survives and replicates better 
in murine macrophages (Schwan et al. 2000). 
Salmonella adapts to its intracellular environment by changing the pattern of bacterial 
gene expression, particularly by up-regulating the expression of the TTSS encoded by SPI-2. 
This system is required for systemic infection, as mutation or disruption of SPI-2 TTSS 
genes results in impaired bacterial growth within macrophages as well as epithelial cells 
(reviewed in Galan 2001 ). In acidified SCV, Salmonella induces expression of several 
bacterial factors that facilitate intracellular bacterial survival (reviewed in Finlay 1997). In 
particular, the two-component regulatory system PhoP/PhoQ regulates the capacity of the 
bacteria to survive bactericidal cationic peptides of macrophages and also inhibits processing 
and presentation of bacterial antigens. In addition, SipC and SifA interfere with host cellular 
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trafficking (reviewed in Galan 2001). Many other Salmonella products including RecA and 
RecBCD, exerting a role in DNA damage repair, also were shown to be involved in 
intracellular survival (reviewed in Finlay 1997). 
Immediately after invasion, SCV undergo maturation that, at the initial stages, is 
indistinguishable from maturation of conventional phagosomes in macrophage. Early SCV 
maturation includes fusion with early endosomes; however, SCV maturation is redirected 
away from the conventional phagosomal maturation pathway, allowing Salmonella to avoid 
direct interaction with late endosomes and lysosomes (reviewed in Gorvel and Meresse 2001; 
Brurnell and Grinstein 2004). Following SCV maturation and after a lag period of about 3 h, 
intracellular bacteria begin to replicate. Salmonella replication is accompanied by the 
formation of extensive membranous tubules called Salmonella-induced filaments (Sifs) that 
extend from the SCV throughout the cell, maintaining the integrity of the SCV membrane 
(reviewed in Knodler and Steele-Mortimer 2003). Maintenance of the SCV was shown to be 
important for both Salmonella, in avoiding contact with cytosolic host defense proteins, 
(Hiemstra et al. 1999; Vazquez-Torres and Fang 2001b) and the host, in activating immune 
responses and proinflammatory signaling cascades (Janeway and Medzhitov 2002). 
Salmonella replication in eukaryotic cells is accompanied by a second round of host 
actin polymerization that leads to the formation of an unusual meshwork of F-actin around 
the SCV. The F-actin meshwork facilitates Salmonella survival and replication within the 
SCV as well as redirects SCV trafficking away from lysosomes (reviewed in Holden 2002). 
Moreover, effectors of Salmonella SPI-2 affect conventional trafficking of several host 
cellular vesicles, especially those containing NADPH oxidase and inducible nitric oxide 
synthase (iNOS), enzymes involved in bacteriocidal and bacteriostatic functions of activated 
macrophages (Vazquez-Torres et al. 2000; Fang and Vazquez-Torres 2002). Replication of 
Salmonella in macrophages usually results in host cell death that is either due to SPI-1 
dependent activation of caspase-1 or is facilitated by SPI-2 (reviewed in Holden 2002). 
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Release of Salmonella from apoptotic cells allows for bacterial internalization by 
neighboring phagocytes and further rounds of intracellular replication. In all, the ability of 
Salmonella to survive and replicate within phagocytic cells facilitates the establishment of 
clinical infection or the carrier state in the host (Stabel et al. 2002). 
Host response to Salmonella - innate and adaptive immunity 
Traditionally, the host response to pathogens involves innate and adaptive 
components of the immune system (reviewed in Medzhitov and Janeway 2000). The innate 
immune defense system consists of many different components that act in a coordinated 
manner to fight pathogens at the initial stages of infection to prevent disease (Wick 2004). In 
the event of bacterial penetration of the host's physical barriers (such as the epithelial layer), 
the innate immune system immediately activates defense mechanisms that include 
antimicrobial peptides, the alternative complement pathway and a diverse array of cell types 
(neutrophils, macrophages, dendritic cells, natural killer cells) (reviewed in Medzhitov and 
Janeway 2000). Activation of the innate immune mechanisms leads to initiation and 
subsequent direction of the adaptive component of the immune system that involves two 
classes of specialized cells, T and B lymphocytes (Janeway and Medzhitov 2002). Different 
from innate recognition that relies on germ-line encoded receptors to recognize conserved 
molecules of the microbial surface, adaptive immune recognition is based on a very large and 
diverse repertoire of lymphocyte receptors, generated by somatic recombination during T and 
B cell development, which can recognize almost infinite antigen diversity. Lymphocytes, 
bearing useful receptors (i.e. receptors specific to pathogens) can be subsequently selected 
for clonal expansion after encountering the antigen for which they are specific (Medzhitov 
and Janeway 2000). In response to Salmonella and to overcome the ability of the bacteria to 
evade the host's immune defense mechanisms, the host stimulates an innate immune 
response followed by the development of adaptive immunity later in the course of infection 
(Jones and Falkow 1996; Eckmann and Kagnoff2001). 
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Peripheral lymphoid organs involved in the host response to Salmonella. 
Generally, upon natural oral infection, gut-associated lymphoid tissue (GALT) is the first 
host-Salmonella interface (Wick 2004). GALT consists oflymphocytes that are scattered 
throughout the epithelium and lamina propria of the intestinal mucosa as well as more 
organized immune tissues such as Peyer's patches, smaller isolated lymphoid follicles and 
mesenteric lymph nodes (reviewed in Mowat 2003). Peyer's patches are macroscopic 
lymphoid aggregates located in the submucosa along the length of the small intestines that 
consist of large B cell follicles and intervening T cell areas. Peyer' s patches are separated 
from the intestinal lumen by a single layer of columnar epithelial cells termed follicle-
associated epithelium and are located immediately below the subepithelial dome. Different 
from the mucosal epithelium of the intestinal villus, follicle-associated epithelium has a 
lower level of digestive enzymes, a less pronounced brush border but a greater infiltration of 
B cells, T cells, dendritic cells and macrophages. Another remarkable feature of the follicle-
associated epithelium is the presence of microfold (M) cells, specialized enterocytes lacking 
both microvilli and a thick mucus layer. These distinguishing surface features of the follicle-
associated epithelium and M cells create a preferred invasion sites for many intestinal 
pathogens, including Salmonella (reviewed in Jepson and Clark 2001). As M cells do not 
express MHC class II molecules, they are believed to pass internalized antigen or pathogens 
to professional antigen presenting cells, such as dendritic cells and macrophages, residing in 
the epithelium or in the subepithelial dome (reviewed in Mowat 2003). Interestingly, in pigs 
the structural morphology of the Peyer' s patches demonstrates some unusual differences. 
Although pigs have some conventional jejunal Peyer' s patches, they also have the 
continuous, but short-lived ileal Peyer's patches (1-3.5 m long, depending on age). In young 
pigs, the ileal Peyer' s patches lack T cells, interfollicular areas and lymphocyte traffic. 
Another spiral Peyer' s patch region in swine is located below the ileocaecal junction and is 
characterized by large numbers of 2-3 mm patches that are sites of lymphocyte traffic. In 
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birds, caecal tonsils are a counterpart of mammalian Peyer' s patches (Kitagawa et al. 1998). 
Lymphoid nodules located in the caecal tonsil consist of nodular units covered by M cell-
containing follicle-associated epithelium comprised mostly of IgM and IgA producing B 
cells, T lymphocytes, macrophages and follicular dendritic cells (del Cacho et al. 1993; 
Gomez Del Moral et al. 1998). 
Isolated lymphoid follicles (ILFs) were recently described in humans and mice and 
represent 100-200 clusters of lymphocytes located throughout the length of the small 
intestine with similar structures existing in the colon (reviewed in Newberry and Lorenz 
2005). ILFs are predominantly comprised ofB cells (70%) with smaller populations of CD4+ 
and CD8+ T cells and dendritic cells. Architecturally similar to conventional Peyer' s patches, 
ILFs possess follicle-associated epithelium containing M cells and germinal centers with B 
cells, but lack a discrete T cell zone. The close proximity of lymphocytes with antigen 
presenting cells in ILFs suggests that ILFs may be an efficient site for T cell priming and 
immunoglobulin class switching. Studies indicate that S. Typhimurium-infected mice 
lacking Peyer's patches and lymph nodes but containing mature ILFs produced intestinal IgA 
directed against S. Typhimurium; however, mice lacking Peyer's patches, lymph nodes and 
ILFs did not produce intestinal anti-S. Typhimurium IgA. The cytokine environment of ILFs 
is abundant in IL5 and transforming growth factor~ (TGFB), favoring the class switch to 
IgA and suggesting an immune response with a non-inflammatory phenotype. 
Mesenteric lymph nodes are the largest lymph nodes in mammals, and as other lymph 
nodes are comprised of an outermost cortex (lymphoid follicles with B cells), a paracortical 
area (T cells, dendritic cells) and an inner medulla (macrophages and antibody secreting 
plasma cells) (Janeway and Medzhitov 2002). Interestingly, the structural morphology of 
lymph nodes in the pig differs from that in humans and other domestic animal species as it is 
structurally inverted; however, the physiology of T and B cell areas are broadly conventional 
(Binns and Pabst 1994). The major differences lie in the lymphocyte migration pathways, as 
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instead of leaving through the medulla into efferent lymph, porcine T and B lymphocytes 
migrate directly into the blood through high endothelium venules. 
In addition to colonizing gut tissues, Salmonella is also known to utilize tonsils and 
mucosa associated lymphoid tissue (MALT) of the lungs to gain entry into the host (Wray 
and Wray 2000; Horter et al. 2003). Tonsils, located at the junction of the nasopharynx and 
oropharynx, are aggregates of lymph nodules and diffuse lymphoid tissue organized into 
independent lymphoid organs (reviewed in Horter et al. 2003). Tonsils provide a protective 
immunological barrier at the openings of the gastrointestinal and respiratory tracts. Tonsils 
consist of lymphoepithelial crypts, lymphoid follicles with B cells and follicular dendritic 
cells and parafollicular areas with mainly T cells, but also a few macrophages, dendritic cells 
and plasma cells. Interestingly, following oral exposure of pigs, S. Typhimurium tends to 
enter the host by colonizing tonsils while S. Choleraesuis typically utilizes the M cells and 
enterocytes of the gastrointestinal tract (Pospischil et al. 1990; Meyerholz et al. 2002). 
However, after resolution of clinical disease, regardless of serovar or the route of inoculation, 
Salmonella spp. in pigs can persist within the tonsillar crypts and superficial epithelium, 
resulting in asymptomatic carrier animals (Fedorka-Cray et al. 1995). In addition to the 
protective barrier function of tonsils, MALT of the lungs, comprised of diffuse aggregates of 
lymphocytes, alveolar macrophages and dendritic cells, protects the respiratory epithelium 
from microbial invasion (reviewed in Janeway and Medzhitov 2002; Strieter et al. 2002). 
Spleen and liver are involved in host protection during systemic salmonellosis. 
Dendritic cell subsets of spleen lymphoid tissue (containing B cell follicles and periarteriolar 
lymphoid sheets with T cells) were shown to harbor Salmonella in mice orally or 
intravenously infected with S. Typhimurium (Yrlid and Wick 2002). Liver in response to 
infection performs several functions including production of acute phase proteins in response 
to pro-inflammatory cytokines; phagocytosis and pathogen killing by hepatic macrophages 
(Kupffer cells) and natural killer (NK) cells; and neutralization and disposal of bacterial LPS 
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(Parker and Picut 2005). Following intravenous inoculation of mice with S. Choleraesuis and 
S. Typhimurium, intracellular bacteria were found to associate with Kupffer cells (Nnalue et 
al. 1992; Vazquez-Torres et al. 2004). Enhanced Kupffer cell function was also detected in 
neonatal pigs treated with LPS (Akunda et al. 2001). 
General molecular mechanisms of the host response to Salmonella. Bacterial 
surface structures (LPS, flagella, cell wall peptidoglycan, etc.) are antigenic stimulators of 
the host's immune response, termed pathogen-associated molecular patterns (PAMPs) 
(reviewed in Mavris and Sansonetti 2004). In tum, eukaryotic cells possess a set of pattern 
recognition molecules (PRMs) that specifically recognize P AMPs. PRMs can be 
intracellular, for example, nucleotide-binding oligomerization domain (Nod), which 
possesses a leucine-rich repeat (LRR) domain for sensing bacterial ligands and a protein-
interaction domain for intracellular signaling. The role of these recently identified 
intracellular bacterial surveillance proteins that recognize a specific peptidoglycan motif of 
the bacterial surface is just beginning to be elucidated in host anti-bacterial defense 
(reviewed in Chamaillard et al. 2003). The most extensively studied receptors recognizing 
microbial P AMPs are the cell surface Toll-like receptors (TLRs ), expressed on a variety of 
mammalian cells including epithelial and immune cells (reviewed in Janeway and Medzhitov 
2002). Eleven members of the TLR family have been identified in mammals with all TLRs 
being integral membrane glycoproteins (reviewed in Akira and Takeda 2004). All TLRs 
possess an extracellular region comprised of LRR motifs and a cytoplasmic tail or toll-
interleukin 1 receptor (TIR) domain that, similar to the intracellular ILl receptor (ILlR) 
domain, contains about 200 amino acids with 3 conserved sequence boxes crucial for 
signaling. Recent studies indicate that TLRs are confined within lipid rafts of the 
mammalian cell membrane and their clustering in response to microbial products is crucial 
for signaling (Triantafilou et al. 2004). Consistent with their common role in recognition of 
microbial components, each TLR (alone or in combination) responds to specific microbial 
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structures. For instance, recognition of LPS from Gram-negative bacteria was ascribed to 
TLR4, while TLRS recognizes bacterial flagella (reviewed in Takeda et al. 2003). Signaling 
through TLRs mainly relies on pathways that originate from a common TIR domain. Upon 
TLR ligation, the TIR domain interacts with myeloid differentiation primary-response 
protein 88 (MyD88) that recruits serine/threonine kinase or the ILlR-associated kinase 
(IRAK) which is activated by phosphorylation and associates with tumor necrosis factor 
(TNF) receptor-associated factor 6 (TRAF6). These signaling events lead to the activation of 
two distinct pathways, nuclear factor KB (NF-KB) and mitogen-activated protein kinase 
(MAPK) signaling, both leading to transcriptional activation of genes that regulate innate and 
adaptive immunity, inflammation, cell growth and survival (reviewed in Akira and Takeda 
2004). In addition, signaling through the conserved NF-KB pathway induces transcription of 
genes possessing antiapoptotic functions, indicating a pro-survival effect of NF-KB on B cells 
and T cells during host immune reactions (reviewed in Papa et al. 2004). 
Signaling through TLR4 in response to LPS stimulus involves activation of the 
MyD88-dependent and MyD88-independent pathways. The MyD88-dependent pathway 
results in early phase activation of NF-KB which leads to translocation of NF-KB into the 
nucleus and activation of cytokine gene transcription. The MyD88-independent pathway 
activates interferon regulatory factor 3 (IRF3) followed by late phase NF-KB activation and 
subsequent production of cytokines, interferon al~ (IFNA/B) and expression of IFN 
inducible genes (reviewed in Akira and Takeda 2004). 
Studies indicate that TLR4 in conjunction with lymphocyte antigen 96 (L Y96 or MD-
2) and CD 14 comprise the cellular receptor complex for LPS recognition and induction of 
signaling (reviewed in Hershberg 2002). However, up-stream of the TLR-L Y96-CD14 
receptor complex, LPS is processed by LPS binding protein (LBP). LBP is a serum 
glycoprotein that binds to the lipid A moiety of LPS and catalyzes the transfer of bacterial 
membrane LPS from the outer membrane to CD14 (reviewed in Miyake 2004). CD14 is a 
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glycoprotein that is either expressed on the surface of myelomonocytic cells (membrane or 
mCD14) or is present in the circulation as a soluble molecule (sCD14). LPS processing by 
LBP and CD 14 can either result in the clearance and termination of LPS responses or in the 
stimulation of immune signaling. LBP together with sCD 14 can catalyze the delivery of LPS 
to high-density lipoprotein (HDL) particles where LPS loses its biological activity and 
subsequently is excreted from the liver, resulting in termination of LPS responses. 
Alternatively, the LBP-LPS-sCD14 complex can deliver LPS to mCD14. However, mCD14, 
being a glycosylphosphatidylinositol (GPI)-anchored protein and lacking transmembrane and 
intracellular domains, can not initiate transmembrane signaling (reviewed in Triantafilou and 
Triantafilou 2002). Thus, in the membrane lipid bilayer, LPS is released from CD14 and 
binds to a complex ofreceptors that include chemokine receptor 4 (CXCR4), heat shock 
protein 70 (HSP70), HSP90, growth differentiation factor 5 (GDF5) and possibly CD55 
(Triantafilou et al. 2001). In response to LPS binding the receptor complex, TLR4-L Y96 are 
recruited into the activation cluster and activate signal transduction pathways that include 
NF-KB and MAPK signaling, resulting in the initiation of innate and adaptive immune 
responses (reviewed in Miyake 2004). Interestingly, compared to dendritic cells and 
macrophages, TLR4, CD14 and L Y96 are not abundantly expressed on the intestinal 
epithelial cell surface, possibly preventing dysregulated signaling in response to abundant 
LPS from commensal bacteria in intestines (Abreu et al. 2001). 
Intestinal epithelium. Classically, upon oral ingestion of Salmonella, sites of the 
intestinal epithelium such as follicle-associated epithelium with M cells and isolated 
lymphoid follicles are the host-bacterial interface where the innate immune response is 
initiated (Wick 2004). In response to Salmonella infection, intestinal epithelial cells produce 
a specific array of proinflammatory cytokines presumably through induction of TLR4, TLR5 
and Nod signaling pathways. It was demonstrated that in response to S. Dublin, human colon 
epithelial cell lines as well as freshly isolated colon cells exhibited up-regulated gene 
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expression and secretion of interleukin 8 (IL8), IL6, CCL2, granulocyte-macrophage colony 
stimulating factor 2 (CSF2) and tumor necrosis factor-a (TNF) (Jung et al. 1995). Each of 
these cytokines has an established role in the initiation and amplification of the inflammatory 
response. For example, IL8 and CCL2 act as potent chemoattractants and activators of 
neutrophils and monocytes, respectively, while TNF can activate neutrophils and 
mononuclear phagocytes. Furthermore, CSF2 prolongs the survival of neutrophils and 
monocytes as well as enhances the response of these cells to other pro-inflammatory stimuli. 
In addition, IL6 regulates acute phase protein synthesis as well as IgA production by B cells 
in Peyer's patches (reviewed in Pritts et al. 2002). High levels oflL6 in intestinal mucosa 
may increase mucosal permeability, possibly by suppressing mucosal and circulating levels 
of IL 10, a suppressor of cytokine production that limits the magnitude of immune and 
inflammatory responses (Pestka et al. 2004). In addition to the cytokines mentioned above, 
other studies indicate that cultured human intestinal epithelial cells infected with S. Dublin 
can increase expression of CXCLl, CXCL2, CXCL3, CXCL5 and colony stimulating factor 
3 (CSF3) that possess neutrophil chemoattracting properties and CXCL9, CXCLlO, CXCLl 1 
that attract predominantly CD4+ Thl and memory T cells (reviewed in Eckmann and Kagnoff 
2001 ). Furthermore, S. Dublin-infected intestinal cell lines induced the production of CC 
chemokines such as macrophage and T cell-attracting CCL4 and CCL5 (RANTES) as well as 
T cell and immature dendritic cell-attracting CCL20. Human intestinal epithelial cells 
infected with S. Typhimurium induced expression of pathogen-elicited epithelial 
chemoattractant (PEEC). Similar to the response of human colon epithelium to S. Dublin, 
TNF was also induced in the ileal villi of swine infected with S. Choleraesuis and S. 
Typhimurium (Trebichavsky et al. 1997). Additionally, expression oflL8 together with 
CCL4, ILlB and K60 (CXC chemokine) was found to be up-regulated in the intestinal 
tissues of newly hatched chickens after infection with S. Typhimurium (Withanage et al. 
2004). Of the array of chemoattracting cytokines released by intestinal epithelium in 
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response to Salmonella, IL8 is probably the most extensively studied (Wick 2004). In vitro 
experiments suggest that the basolateral release of IL8 by intestinal epithelial cells upon 
contact with flagellated Salmonella is an initial event in the innate immune response to this 
bacterium. To initiate an inflammatory response, bacterial flagella must access the 
basolateral surface of epithelial cells where TLR5, flagella recognizing receptor, is located. 
Ligation of TLR5 results in activation of NF-KB pathway, essential in mediating the 
epithelial cell response to Salmonella including IL8 release. Also, Cdc42, a member of the 
Rho family GTPases and a protein manipulated by the invasion-associated Salmonella SPI-1 
effectors, may be involved in production ofIL8 (reviewed in Ohl and Miller 2001). A 
dominant negative mutant of Cdc42 inhibited Salmonella-dependent induction of IL8 
synthesis by epithelial cells. It is known that downstream signaling mediated by Cdc42 
targets MAP kinase p38 that is required for IL8 synthesis in epithelial cells. In summary, it 
is the coordinated expression of a specific array of proinflammatory cytokines by intestinal 
epithelial cells that regulates the next wave of innate immune responses, including immune 
cell recruitment and activation (Jung et al. 1995; Wick 2004). 
Macrophages. After crossing the host epithelium barrier, Salmonella is faced by 
host phagocytic and professional antigen presenting cells, such as macrophages, dendritic 
cells and neutrophils. Macrophages play an essential role in the host's innate anti-Salmonella 
defense and clearance of the bacteria (reviewed in Lalmanach and Lantier 1999). The 
interaction of Salmonella with macrophages is often prolonged and is characterized by a 
complex interplay between macrophage effector mechanisms to kill the internalized pathogen 
and Salmonella defenses to resist the attacks (reviewed in Eckmann and Kagnoff 2001). 
Phagocytosis of Salmonella by macrophages is stimulated by receptor-mediated uptake after 
opsonization of the bacteria with antibodies or complement (reviewed in Mittrucker et al. 
2000a). However, Salmonella can also force its own internalization into macrophages by 
employing the SPI-1 encoded TTSS. In addition, Salmonella uses TTSS encoded by SPI-2 to 
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alter both the maintenance and the maturation of the bacteria-containing vacuolar 
compartment in macrophages (reviewed in Linehan and Holden 2003). Rapid acidification 
of SCV stimulates secretion of SPI-2 effectors that antagonize the phagocyte NADPH 
oxidase dependent anti-Salmonella activity and prevents SCV fusion with late 
endosomal/lysosomal compartments. From the host side, the macrophage antibacterial 
defense mechanisms are stimulated by TNF receptor signaling and SLCl lAl (solute carrier 
family 11 member 1 ). Studies of Salmonella infection in mice indicate that mice containing 
a mutation in the SLCl lAl gene are highly susceptible to salmonellosis. In addition, 
enhanced expression of SLC 11A1 in the liver and spleen of pigs and other model systems 
experimentally-infected with S. Typhimurium suggest a role of SLCl lAl in the genetic 
resistance to Salmonella and other intracellular bacteria (Vidal et al. 1993; Blackwell et al. 
2001; Lalmanach et al. 2001; Mastroeni and Menager 2003; Zhang et al. 2003; Kramer et al. 
2003; Beaumont et al. 2003). SLCl lAl functions as a divalent cation (Fe2+, Zn2+, Mg2+) 
efflux pump across the membrane of bacteria-containing phagosomes; however, the detailed 
mechanisms governing its effect on the macrophage endocytic pathway remains to be 
elucidated (Zaharik et al. 2002; Linehan and Holden 2003). Another host factor involved in 
macrophage (as well as neutrophil) antimicrobial activities is NADPH oxidase, a 
multicomponent enzyme that produces superoxide, a precursor of toxic molecules known as 
reactive oxygen species. Early bacterial killing by macrophages correlates with respiratory 
burst due to NADPH activity (Vazquez-Torres and Fang 2001a). However, this phase is 
short lived and the production of reactive oxygen species declines within 6 h after challenge 
of murine peritoneal macrophages with S. Typhimurium. Prompt respiratory-burst-
dependent killing of Salmonella by macrophages is followed by sustained production of 
nitric oxide (NO) by iNOS, giving rise to reactive nitrogen species that exhibit bacteriostatic 
effects. 
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The macrophage response to infection with S. Typhimurium involves differential 
regulation of many genes, including genes encoding pro-inflammatory, antimicrobial, 
apoptosis-related and anti-inflammatory peptides (Rosenberger et al. 2000a). In particular, 
infected macrophages were shown to enhance expression of several T cell, neutrophil, 
macrophage and dendritic cell chemoattracting cytokines (CCL3, CCL4, CCL5, CCL19, 
CCL20, CXCL2, CXCLlO) as well as the neutrophil and macrophage activating cytokine 
CSF2 (Lalmanach and Lantier 1999; Rosenberger et al. 2000a; Eckmann and Kagnoff 2001; 
Pietila et al. 2005). In addition, research indicates the involvement of pro-inflammatory 
(ILlB, ILIA, IL6, IFNB, TNF) and IFNG-inducing (IL12, IL18) cytokines in macrophage 
mediated anti-Salmonella defense. Cytokines secreted by macrophages, such as IL12 and 
IL18 influence the Thl/Th2 polarization towards a Thl-type response, which typically 
develops in hosts infected with Salmonella (reviewed in Lalmanach and Lantier 1999; Chiu 
et al. 2004). In addition to enhanced expression of several cytokine genes, S. Typhimurium-
infected cultured macrophages up-regulate expression of cell surface receptors that are 
involved in extravasation (intercellular adhesion molecule 1 (ICAMl)) and T cell priming 
(CD40) (Rosenberger et al. 2000a). The induction of NF-KB inhibitor I-KB, anti-
inflammatory cytokines (transforming growth factor beta 1 (TGFBl) and differential 
regulation of several transcription factors in infected macrophages suggests a regulatory role 
for macrophages in acute inflammation and development of the macrophage antibacterial 
abilities. Furthermore, up-regulation of apoptosis-associated genes ( caspase-1, TNF receptor 
1 (TNFRl ), TNF receptor superfamily, member 6 (FAS), pleckstrin homology-like domain, 
family A, member 1 (PHLDAl) and tumor necrosis factor superfamily, member 10 
(TNFSFlO)) in infected macrophages signifies Salmonella's ability to induce macrophage 
death (Rosenberger et al. 2000a; Monack et al. 2001 ). S. Typhimurium was shown to cause 
early and delayed macrophage death in vitro and in vivo (reviewed in Monack et al. 2001; 
Hueffer and Galan 2004). The findings indicate that cell death in cultured macrophages is 
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induced within 40 min of infection with S. Typhimurium, with about a third of infected 
macrophages dying by 2 h post infection (Monack et al. 2001 ). In vivo, early macrophage 
death usually occurs during the intestinal phase of infection and is induced by the Salmonella 
SPI-1 effector SipB, which activates caspase-1-dependent cell death signaling (Jarvelainen et 
al. 2003; Hueffer and Galan 2004). Caspase-1 activation results in release of 
proinflammatory and chemoattracting IL 1 B and IL 18 followed by acceleration of intestinal 
inflammation and enhanced infiltration of polymorphonuclear neutrophils and macrophages 
into the gastrointestinal mucosa. Thus, it has been suggested that caspase-1-dependent 
inflammation-induced pathology may aid systematic spread of Salmonella through the 
compromised intestinal barrier and via recruited phagocytic cells (Monack et al. 2001; 
Jarvelainen et al. 2003; van der Velden et al. 2003). Macrophage death in the later, systemic 
phase of infection is induced by the SPI-2 effector OmpR and spv genes and results in further 
intracellular spread of the bacteria. In all, macrophages represent an essential and unique 
cellular component in the pathogenicity of salmonellosis and the host's anti-Salmonella 
defense. 
Dendritic cells. Salmonella can survive and replicate in the vacuolar compartments 
of dendritic cells and macrophages, however, these same cells also present Salmonella 
antigens to naive T cells for induction of specific protective immunity and immunological 
memory (reviewed in Sundquist et al. 2004). In vitro and in vivo observations demonstrate 
that immature dendritic cells phagocytose and present Salmonella-derived antigens on both 
MHC class I and MHC class II molecules to CD8+ and CD4+ T cells, respectively. In 
addition, dendritic cells possess a unique ability to indirectly present Salmonella antigens by 
acting as bystander antigen-presenting cells, engulfing antigenic material from neighboring 
cells that have undergone Salmonella-induced apoptosis. Dendritic cells, because of their 
ability to degrade and efficiently present Salmonella antigens to naive T cells in peripheral 
lymphoid organs, serve as an important link between innate and adaptive immunity. 
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Internalization of Salmonella induces the maturation of dendritic cells into proficient antigen 
presenting cells, capable of efficiently priming naive T cells. In the process of maturation, 
dendritic cells down regulate their antigen capture capacity and increase expression of MHC 
class I and class II molecules as well as surface co-stimulatory (B7, CD80, CD83, CD86, and 
CD40), and cellular adhesion (CD209) molecules (Sundquist et al. 2004; Pietila et al. 2005). 
In addition, mature dendritic cells enhance production of cytokines and chemokines and alter 
chemokine responsiveness (Sundquist et al. 2004). As demonstrated by infection of cultured 
human and mouse dendritic cells with S. Typhimurium, dendritic cells up-regulated the 
expression ofmonocyte, T helper and NK cells chemoattracting cytokines (CCL5, CCL18, 
CCL19, CCL20, CXCLlO) and proinflammatory cytokines (ILlB, IL6, IL12, IL18, TNF, 
IFNG) (Eckmann and Kagnoff2001; Sundquist et al. 2004; Pietila et al. 2005). Recent 
findings indicate that internalized Salmonella can also kill dendritic cells by a caspase-1-
dependent mechanism, and the SPI-1 effector SipB secreted by TTSS is required for 
Salmonella-induced dendritic cell death (van der Velden et al. 2003). Similar to the caspase-
1-dependent death of macrophages, activation of caspase-1 upon dendritic cell death results 
in the release of pro-inflammatory ILlB and IL18. In all, dendritic cells play a unique role 
during host infection with Salmonella; on one hand, dendritic cells are essential in the 
generation of specific T cell immunity to the bacteria, but on the other hand, dendritic cells 
play a role in accelerating inflammation and serve as a cellular component for systemic 
spread of Salmonella (Rescigno et al. 2001; van der Velden et al. 2003; Sundquist et al. 
2004). 
Polymorphonuclear neutrophils. Upon Salmonella infection, several inflammatory 
mediators are secreted by intestinal epithelial cells, dendritic cells and macrophages that 
trigger massive neutrophil recruitment to the site of inflammation (Santos and Baumler 
2004). Indeed, experimental models using injection of mice with S. Typhimurium or S. 
Enteritidis have shown that neutrophils are rapidly recruited to the site of bacterial 
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administration (reviewed in Wick 2004). In addition, the neutrophil population undergoes a 
rapid increase in the spleen, mesenteric lymph nodes and Peyer's patches of mice upon oral 
inoculation with S. Typhimurium, and depletion of neutrophils exacerbate murine infection 
with S. Typhimurium or S. Dublin (Fierer 2001; Kirby et al. 2002; Wick 2004). Furthermore, 
an increased number of blood neutrophils and an increased rate of Salmonella uptake by 
neutrophils was detected in pigs intranasally inoculated with S. Choleraesuis (Stabel et al. 
2002). Functional changes in porcine polymorphonuclear neutrophils (PMNs) infected with 
S. Choleraesuis or S. Typhimurium indicate the essential role of PMN s in swine protection 
against Salmonella infection (Roof and Kramer 1989; Coe and Wood 1992; Riber and Lind 
1999; Foster et al. 2003). As shown by a study designed to characterize inherited resistance 
of swine to S. Choleraesuis, Salmonella-resistant pigs demonstrated higher numbers of blood 
PMNs with enhanced phagocytic and bactericidal activity than Salmonella-susceptible pigs 
(van Diemen et al. 2002). Furthermore, enhanced phagocytosis and cytokine (IL6, IL8 and 
IL18) production ofheterophils (avian counterpart of mammalian neutrophils) was 
implicated in chicken resistance to S. Enteritidis (Swaggerty et al. 2004 ). The protection 
provided by PMNs against invasive Salmonella is due to effective killing of the bacteria as 
well as pro-inflammatory and regulatory effects (Fierer 2001). Studies demonstrate that, in 
contrast to macrophages, cultured mice and human neutrophils do not permit prolonged 
intracellular replication or survival of Salmonella (reviewed in Fierer 2001; Santos and 
Baumler 2004 ). In agreement with in vitro studies, in vivo experiments demonstrate that 
neutrophils inhibit intracellular replication of S. Typhimurium in the liver and spleen of mice 
and also prevent further dissemination of the infection to other organs such as lung and 
kidney (reviewed in Santos and Baumler 2004). It has been proposed that PMNs mainly kill 
ingested Salmonella (Fierer 2001; Segal 2005). However, when neutrophil defensive 
functions are impaired (i.e. phagocytosis) or the bacterial load is overwhelming, neutrophils 
can also release a variety of antimicrobial molecules extracellularly (Lopez-Boado et al. 
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2004). Killing by neutrophils is believed to be accomplished by oxygen-dependent and 
oxygen-independent destructive principles. Phagocyte NADPH oxidase is essential for 
oxygen-dependent bacterial killing by generating reactive oxygen species (Roos et al. 2003; 
Segal 2005). Furthermore, opsonization of the bacteria with complement or antibodies 
enhances neutrophil NADPH oxidase activity by 20-50 fold. The oxygen-independent 
system comprises the readily active serine proteinases, neutrophil elastase, cathepsin G, 
proteinase 3, etc. (Lopez-Boado et al. 2004). A recent study indicates that neutrophil elastase 
and cathepsin G can degrade flagellin from S. Typhimurium inside the phagocytic vacuoles 
as well as extracellularly, resulting in a loss of pro-inflammatory activity for this bacterial 
virulence factor. Thus, neutrophils not only kill the bacteria, but they can also modulate host 
inflammatory responses to the infection. In addition to direct microbicidal activity, PMNs 
can produce an array of cytokines that exhibit pro-inflammatory effects (TNF, ILlB), 
influence T cell differentiation into Thl-effectors (IFNG, IL12) and attracts T lymphocytes 
and NK cells to the site of inflammation (CXCLlO) (Gasperini et al. 1999; Roos et al. 2003; 
Segal 2005). Furthermore, neutrophils were shown to regulate dendritic cell function during 
inflammation by secreting dendritic cell-attracting chemokines (CCL3, CCL4, CCL5, 
CCL20) and stimulating dendritic cell activation, as measured by increased production of 
IL12 and TNF from dendritic cells (Bennouna et al. 2003). Thus, during infection, 
neutrophils can orchestrate dendritic cell recruitment and activation, leading in tum to 
activation of Thl-type T cells and immunity to intracellular bacteria. 
Development of protective immunity against Salmonella: T and B lymphocytes. 
Infection with Salmonella induces the development of antigen specific CD4+ Thl-cell, CD8+ 
T cell and B cell responses, all of which can contribute to protective immunity (reviewed in 
Ravindran and McSorley 2005). In humans and animals, the cellular responses to live 
Salmonella are of the Thl-type, as indicated by delayed-type hypersensitivity and the · 
predominant production ofIFNG and IL2 upon in vitro restimulation of immune T cells 
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(reviewed in Mastroeni and Menager 2003). In addition, CD8+ T cells, capable oflysing 
Salmonella-infected target cells, appear to be involved in the host response to live attenuated 
Salmonella vaccine. In response to Salmonella infection, effector CD4+ and CD8+ T cells 
produce IFNG, the major cytokine of the Thl response axis, essential for host anti-
Salmonella defense. Regulating several aspects of the immune response, IFNG accelerates 
the ability of macrophages to kill Salmonella by stimulating Salmonella-containing 
phagosome and lysosome fusion (Kagaya et al. 1989; Eckmann and Kagnoff 2001; Gordon et 
al. 2005). In addition, IFNG induces efficient bacterial antigen presentation and processing 
through the class I and class II major histocompatibility complex (MHC) molecules (Boehm 
et al. 1997; Hu et al. 2002). In fact, IFNG has been implicated in host resistance to 
salmonellosis (N auciel and Espinasse-Maes 1992; Pie et al. 1997; Bao et al. 2000; Yamada et 
al. 2002; Foster et al. 2003; Sadeyen et al. 2004; Gordon et al. 2005; Kogut et al. 2005; Rhee 
et al. 2005). The cellular response to IFNG involves ligation ofIFNG receptors expressed on 
nearly all cell types and activation of mainly the Janus tyrosine kinase (Jak)-STAT pathway, 
resulting in tyrosine phosphorylation and activation of STATl. Upon migration into the 
nucleus, phosphorylated-STATl mediates transcription ofIFNG response genes, including 
genes coding for nitric oxide and respiratory burst proteins as well as cytokines and 
transcription factors (reviewed in Boehm et al. 1997; Stark et al. 1998). Investigators have 
demonstrated that impaired IFNG signaling results in diminished host immune responses and 
enhanced susceptibility to intracellular bacterial infections (reviewed in Decker et al. 2002; 
Hu et al. 2002; O'Shea et al. 2002). 
Differentiation of CD4+ T cells into a Thl subset in response to Salmonella is 
facilitated by a subpopulation of dendritic cells and neutrophils producing Thl-inducing 
cytokines, such as IL12 (Eckmann and Kagnoff2001; Bennouna et al. 2003; Wick 2004). 
There are several models describing possible pathways of naive T cell activation (reviewed 
in Ravindran and McSorley 2005). Experiments indicate that Salmonella-specific CD4+ T 
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cell activation can occur in Peyer' s patches within 3 hr after oral infection of mice with S. 
Typhimurium. This short time frame of T cell activation suggests a simple model whereby 
soluble bacterial antigen is released into the lymph fluid of Peyer's patches subepithelial 
dome, rapidly flows to the T cell area of interfollicular region, is acquired by resident 
dendritic cells, and is subsequently presented to the T cells. Alternatively, T cells can be 
primed by dendritic cells that directly or as bystander cells have taken up the bacterial 
antigen. Also, Salmonella-antigen loaded dendritic cells can be activated to travel by 
draining lymph to peripheral lymphoid organs (such as mesenteric lymph nodes) for priming 
of T cells that subsequently may home to the gut, produce (IFNG) and stimulate further 
inflammatory responses (Sundquist et al. 2004). 
In the face of intracellular bacterial replication and dissemination, it is vitally 
important that the Salmonella-specific T cell population expand rapidly and acquire effector 
functions (reviewed in Ravindran and McSorley 2005). Available data from experimental 
Salmonella infections demonstrates a massive increase of Salmonella-specific CD4+ T cells 
and development of CD8+ T cells that secrete IFNG during Salmonella infection. 
Immunization of both mice and humans with live attenuated Salmonella vaccine results in 
generation oflong-lasting immunity and expanded polyclonal CD4+ and CD8+ T cells that 
can produce IFNG in response to Salmonella antigens for at least 6 months. However, target 
Salmonella antigens recognized by effector as well as memory T cells remain to be defined. 
The activation of Salmonella-specific T cell responses is highly dose-dependent with 
low doses of bacteria being poorly immunogenic. This phenomenon may be due to immune 
evasion strategies employed by Salmonella to inhibit priming of naive T cells. For instance, 
products of the recently identifiedyej operon of S. Typhimurium were found to interfere with 
MHC class I antigen presentation in macrophages. Although the exact mechanism of this 
interference is unknown, the authors propose that the yej proteins may prevent loading of 
immunogenic peptides on phagosomal MHC class I by secreting small competing peptides 
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(Qimron et al. 2004). Another report indicates that by avoiding lysosomal degradation, 
Salmonella can impair the ability of dendritic cells to present bacterial antigens on MHC 
class I and class II molecules to T cells (Tobar et al. 2004). Interestingly, coating the bacteria 
with Salmonella-specific IgG antibodies targeted the bacteria to FcyRs on dendritic cells and 
rerouted the bacteria to efficient processing for antigen presentation. 
Protective immunity to Salmonella is incomplete without B cells (Mastroeni et al. 
1993; Mittrucker et al. 2000a). Experimental studies indicate that B cells play an important 
role in protecting mice against oral infection with virulent S. Typhimurium, as B cell-
deficient mice are more susceptible to primary infection and are not protected against 
secondary infection. The protective role of B cells can be achieved by different mechanisms. 
In the gut, S. Typhimurium-specific IgA can block bacterial adhesion to epithelial cells and 
agglutinate the bacteria. Also, opsonization of the bacterial antigen with antibodies leads to 
more efficient uptake and destruction of the bacteria by phagocytic cells. In addition, 
production of IFNG by B cells can activate the bacteriocidal mechanisms of phagocytes. 
Thus, the protective action of B cells can accelerate clearance of Salmonella from the host, 
even though B cells are not required for the resolution of primary or secondary Salmonella 
infection (Lindberg and Robertsson 1983; McSorley and Jenkins 2000). 
Studies indicate that mice intravenously infected with an attenuated strain of S. 
Typhimurium develop Salmonella-specific IgM by 1 week and IgG 1 and IgG2a by 3 to 4 
weeks p.i., with humoral immunity being protective against virulent S. Typhimurium 
challenge (McSorley and Jenkins 2000). In swine, studies designed to investigate natural S. 
Choleraesuis transmission demonstrated high levels of specific serum IgG and IgM 
antibodies beginning 2 weeks p.i., with titers increasing up to 10-12 weeks p.i. (Gray et al. 
1995; Gray et al. 1996). After challenge of pigs with S. Typhimurium, the highest specific 
anti-LPS antibody response was observed at 22 days p.i. (Nielsen et al. 1995). In addition, 
calves orally inoculated with a live attenuated S. Typhimurium vaccine strain developed IgM 
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and IgG antibody responses that proved to be protective against challenge with a virulent 
strain of S. Typhimurium (Lindberg and Robertsson 1983). In all, protective and adaptive 
anti-Salmonella immunity largely depends on the activation of phagocytic and antigen 
presenting functions of phagocytes, the presence ofThl immunological memory and anti-
Salmonella antibodies (Mittrucker and Kaufmann 2000b; Mastroeni and Menager 2003; 
Mastroeni and Sheppard 2004 ). 
Salmonella-host specificity 
The severity and the outcome of the clinical disease caused by Salmonella spp. 
depends on the animal species and the Salmonella serovar involved (Schwartz 1999). The 
magnitude of the host's anti-Salmonella defense systems (innate and adaptive immune 
responses) and the virulence properties of the specific Salmonella serovar influence the 
pathogenesis of infection and are under genetic control, with the precise genetic 
mechanisms that underlie host-Salmonella specificity remaining to be elucidated (Barrow 
et al. 1994; Weinstein et al. 1998; Lamont et al. 2002; van Diemen et al. 2002; Lam-Yuk-
Tseung and Gros 2003; Zhang et al. 2003). Multiple research studies have attempted to 
reveal factors involved in Salmonella-host specificity. It was suggested that different 
outcomes of S. Typhimurium infection in calves (enterocolitis with diarrhea) and in mice 
(systemic typhoid-like infection and no diarrhea) may depend on the differences in the 
host-specific cytokine response (Zhang et al. 2003). The study revealed a greater up-
regulation of CXCLl (neutrophil chemoattracting chemokine) in bovine compared to 
murine ligated-ileal-loops, correlating with the pronounced infiltration of PMNs in bovine 
but not murine tissues. In addition, a study designed to compare the cytokine response of 
chickens to broad host range Salmonella serovars Typhimurium and Enteritidis to host-
adapted S. Gallinarum revealed major difference in the production of IL6 (Kaiser et al. 
2000). Expression of pro-inflammatory IL6 was significantly induced in a chicken kidney 
primary cell culture infected with S. Typhimurium and S. Enteritidis, but not S. 
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Gallinarum, correlating with the pathogenesis of salmonellosis in poultry (S. Typhimurium 
and S. Enteritidis produce inflammatory response in the gut, while S. Gallinarum does not 
induce inflammation in the gut, but causes a systemic typhoid-like disease). 
Others have suggested that the host-specificity of Salmonella serovars may be due to 
their differential ability to multiply in the tissues of the reticuloendothelial system (Barrow et 
al. 1994). However, a study by Watson et al. (2000) suggests no direct correlation between 
virulence and persistence of Salmonella within porcine macrophages in vitro (Watson et al. 
2000). Researchers found that although host-adapted S. Choleraesuis causes systemic 
infection in swine, it persisted in porcine macrophages in the lower numbers compared to S. 
Typhimurium (that causes just gastroenteritis in swine) and S. Dublin (no clinical 
symptoms). In addition to porcine macrophages, generalist S. Typhimurium can persist 
relatively well in murine and human-monocyte-derived macrophages and chicken peritoneal 
exudate cells (reviewed in Watson et al. 2000). Recently identified pigeon-adapted S. 
Typhimurium variant Copenhagen demonstrated an enhanced cytotoxicity for pigeon 
macrophages, a property that may allow the pigeon-adapted strain to spread more quickly to 
the systemic organs (Pasmans et al. 2003). 
Studies of Salmonella infection in calves, sheep and chicken suggest that tissue 
tropism or the magnitude of intestinal invasion are not essential elements of host specificity 
(Uzzau et al. 2001; Montagne et al. 2001; Paulin et al. 2002; Chadfield et al. 2003). 
Likewise, no correlation was found between host specificity and invasion of swine ligated-
ileal-loops by S. Choleraesuis and S. Dublin in vivo (Bolton et al. 1999). In contrast, 
differences in invasion of M cells in a swine ligated-ileal-loop model were described 
between S. Choleraesuis and S. Typhimurium, suggesting a host-adapted mechanism of 
invasion (Meyerholz and Stabel 2003). In addition, the inability of S. Gallinarum to invade 
murine intestinal epithelium was correlated to the avirulence of this serovar in mice 
(Pascopella et al. 1995). Infection of chicken with S. Gallinarum as compared to other 
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Salmonella serovars (Choleraesuis, Dublin, Typhimurium, Pullorum and Abortusovis), 
revealed that although S. Gallinarum was the only serovar capable of causing systemic 
infection in chicken, intestinal and lymphoid tissue invasion and intra-macrophage survival 
failed to demonstrate any selective advantage for S. Gallinarum (Chadfield et al. 2003). 
Thus, intestinal invasion is necessary for Salmonella serovars to access systemic sites, but 
invasion alone does not determine Salmonella-host specificity (Barrow et al. 1994; Uzzau et 
al. 2001; Montagne et al. 2001; Paulin et al. 2002; Chadfield et al. 2003). 
Several research studies have proposed that persistence of Salmonella within the host 
tissues may determine host-specificity (Uzzau et al. 2001; Montagne et al. 2001; Paulin et al. 
2002). It was revealed that only bovine-adapted S. Dublin was able to persist within the 
intestinal mucosa, pass through the mesenteric lymph nodes and colonize systemic sites after 
oral inoculation of calves with serovars Dublin, Gallinarum, Choleraesuis and Abortusovis 
(Paulin et al. 2002). Likewise, sheep-adapted S. Abortusovis was able to persist in systemic 
sites of sheep more efficiently than S. Dublin or S. Gallinarum (U zzau et al. 2001; Montagne 
et al. 2001 ). Interestingly, after subcutaneous infection of sheep, S. Dublin disseminated 
more rapidly towards lymphoid tissues and induced a stronger pro-inflammatory response 
(ILlB, TNF, IL12 and IFNG) than S. Abortusovis, suggesting that a limited host 
inflammatory defense against S. Abortusovis may favor its persistence in lymphoid organs. 
In fact, a model for Salmonella-host adaptation was proposed by Kingsley and Baumler 
(2000), suggesting that, in general, Salmonella-host adaptation resides in the ability of the 
bacteria to circulate (persist) and cause disease in a particular host population, a property that 
is not related to the virulence of Salmonella serovars for other host species. Thus, 
Salmonella virulence factors, required for systemic dissemination and survival at systemic 
sites could be viewed as adaptation of the serovar for the specific host population. The 
competitive exclusion principle of the model suggests that because of the host immune 
responses, host-adapted Salmonella serovars usually belong to single serogroup (determined 
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by an immunodominant 0-antigen), as a host-adapted serovar competitively excludes other 
members of the same serogroup from circulating in a host population. For instance, 
Salmonella serovars coexisting with pigs or cattle usually belong to different serogoups. 
Interestingly, disturbance of this natural balance can result in the introduction of new 
serovars in a population. For example, eradication of avian-adapted S. Gallinarum (09-
antigen serogroup D 1) in the 1970s by killing infected poultry resulted in a loss of flock 
immunity to 09-antigen, opening an ecological niche that was filled by S. Enteritidis, another 
member of serogroup Dl (09-antigen). 
Based on epidemiological evidence, Salmonella serovars differ greatly with regard to 
their host range and ability to cause the disease (Kingsley and Baumler 2000). To define the 
phenomenon of Salmonella-host adaptation, it is essential to identify the properties of 
Salmonella serovars that may be responsible for the host range observed in epidemiological 
surveys. With several Salmonella serovars sequenced (Typhi, Typhimurium, Choleraesuis, 
Paratyphi A) and many sequencing projects underway (Dublin, Enteritidis, Paratyphi Band 
C, Gallinarum, Pullorum, Diarizonae, Arizonae, Bongori), comparative genomics analysis 
might give some insight into the unique genetic determinants of Salmonella-host adaptation 
(McClelland et al. 2001; Parkhill et al. 2001; Edwards et al. 2002; Chiu et al. 2005; links to 
the Salmonella sequencing projects can be found at http://www.salmonella.org). Although, 
Salmonella serovars are closely related and extremely similar at the DNA sequence level for 
many genes (encoding proteins for central metabolism, DNA replication, translation and 
transcription), pairwise comparison of the Salmonella genomes has revealed numerous 
insertions and deletions (Edwards et al. 2002). In fact, about 500-600 kb of chromosomal 
DNA (10-12% of 5 Mb genome) appears to be unique for each Salmonella serovar (Edwards 
et al. 2002; Porwollik and McClelland 2003). These unique regions are distributed to many 
sites on the chromosome, range from <1 to >50 kb in size, are characterized by a lower G+C 
content, and are likely to encode gene products responsible for different abilities of the 
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serovars to infect various host (Edwards et al. 2002). Using in vivo expression technology, 
researchers have identified six regions of atypical base composition in the Salmonella 
chromosome that could contribute to the inherent differences in host specificity, tissue 
tropism and disease manifestation (Conner et al. 1998). The regions were grouped into three 
distinct classes based on their hybridization pattern with four Salmonella serovars that 
included broad host range (Typhimurium and Newport), host-adapted (Choleraesuis) and 
host-restricted (Typhi) serovars. The class III chromosomal region was found to be 
associated only with the broad host range serovars. 
Comparative genome sequence analysis indicates that the Salmonella chromosome is 
relatively plastic, continually evolving through integration of mobile genetic elements and 
genetic recombination (Edwards et al. 2002). The host immune system also puts high 
selective pressure on the Salmonella genome. Genes encoding proteins that are exposed on 
the surface of bacteria and are recognized by the host immune system are highly variable. 
For instance, fimbrian operon sequences that encode subunits exposed to the bacterial surface 
display great diversity between Salmonella serovars. Furthermore, the Salmonella 
chromosomal regions flanked by the rrn operon can be rearranged by intrachromosomal 
RecA-mediated recombination. It was found that host-specific Salmonella serovars 
Paratyphi, Typhi and Pullorum possess large chromosomal rearrangements at regions flanked 
by rnn operons, as compared to non-host adapted serovars (Liu and Sanderson 1998; 
Edwards et al. 2002). Horizontal (between the serovars) and lateral (transfer of foreign 
genetic material) gene transfers as well as deletions, reinsertions and multiplications of 
genetic material are responsible for the mosaic structure of Salmonella spp. genes. It is 
possible that some of these genetic alterations may confer virulence traits involved in host-
specificity (Edwards et al. 2002; Hansen-Wester and Hensel 2002; Porwollik and McClelland 
2003). For instance, the deletion of 30 genes from the S. Paratyphi A and S. Typhi genomes 
have occurred independently, yet these 2 pathogens infect to the same restricted host, human 
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(McClelland et al. 2004). Interestingly, these 30 lost genes include 3 genes known to be 
involved in intestinal colonization and gastroenteritis, which does not develop during S. 
Paratyphi A and S. Typhi infections. Comparison of the S. Choleraesuis (swine-adapted), S. 
Typhi (human-restricted) and S. Typhimurium (generalist) genomes revealed that more 
deletional events occurred in S. Choleraesuis and S. Typhi than S. Typhimurium, suggesting 
that loss of gene sequences may precede host adaptation (Chiu et al. 2005). In addition, S. 
Choleraesuis possesses the highest number of pseudo genes, and these genetic mutations 
might allow more effective invasion of host cells. On the other hand, pigeon-adapted S. 
Typhimurium phage types were not found to possess genetic islands influencing host 
adaptation (Andrews-Polymenis et al. 2004). Further comparisons and analysis of 
Salmonella genomes will identify genetic loci that harbor unique virulence traits for various 
serovars, possibly identifying the bacterial mechanisms responsible for host-specificity 
(Edwards et al. 2002). 
Finding new genes - how? 
The host's response to infection is under genetic control (Kaiser and Lamont 2001; 
Lamont et al. 2002; van de Vosse et al. 2004; Wigley 2004). Therefore, the molecular tools 
to perform functional genomic analyses are important to investigate alterations of the host 
transcriptome during infection. Suppression subtractive hybridization (SSH), first reported in 
1996 by Diatchenko et al, has been applied to many molecular genetic studies for the 
identification of disease, developmental, tissue specific and other differentially expressed 
genes. The technique is designed to compare the two populations of mRNA (cDNA) to 
identify sequences present in one population of mRNA (tester) but absent from the other 
(driver) (Diatchenko et al. 1996). The brief principle of SSH is as follows: Tester cDNA is 
digested with a restriction endonuclease (Rsa I) and separated into two populations, each of 
which is ligated to different adaptor sequences at the 5' ends. The two populations are 
separately hybridized to driver cDNA (in excess). Any tester sequences that hybridize with 
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the driver are excluded, leaving only tester-specific single-stranded sequences. During a 
second round of hybridization, the two populations are mixed together, allowing homologous 
single-stranded tester cDNAs to hybridize. Sequences unique to the tester strain, harboring 
different adaptors on the end of each sequence, are detected and enriched by PCR 
amplification. The success of SSH relies on the suppression effect of PCR, as only unique 
cDNA sequences bearing different adaptors on the 5' end are amplified, while sequences 
containing the same adaptor sequences on both ends form a stable secondary structure and 
are unable to be amplified. In all, SSH provides a valuable technique to detect novel 
differentially expressed genes in organisms without an established genetic system or whose 
genome sequence is unknown or only partially determined (such as swine). 
The highly efficient progress of genome sequencing has provided an extraordinary 
high throughput functional genomic technique, DNA microarray analysis. A microarray is 
an ordered array of nucleic acids probes, attached to a planar substrate (a glass slide, 
microchip, a microsphere-sized bead), that allows for the specific binding (hybridization) of 
genes or gene products (Schena et al. 1995). In transcriptional studies, microarrays can 
measure the expression level of a gene by determining the amount of mRNA present in 
sample of interest. Microarray technology allows simultaneous analysis of thousands (or 
even tens of thousands) of genes in a single experiment. Functional genomic analysis by 
microarrays in swine is in a preliminary stage. A first generation long oligonucleotide 
porcine microarray, Qiagen-NRSP8, was developed recently and synthesized by Qiagen-
Operon, Inc. This microarray represents 13,297 porcine cDNAs and ESTs (70-mer 
oligonucleotides). The use of the Qiagen-NRSP8 microarray in swine transcriptional 
profiling was recently validated by Dr. Christopher K. Tuggle' s group at Iowa State 
University (Zhao et al. 2005). Another available porcine microarray created in 2005 is the 
Affymetrix Porcine GeneChip, a high density, oligonucleotide based DNA arrays. The array 
contains 23,937 probe sets that interrogate approximately 23,256 transcripts from 20,201 
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swine genes (http://www.affymetrix.com). The SSH and microarray analyses are excellent 
tools to investigate alterations in gene expression, although an established quantitative 
technique, such as real-time PCR, is often employed to validate the results. Real-time PCR 
or real-time RT-PCR methods use fluorescent reporter molecules to monitor the production 
of amplification products (from specific RNA or DNA sequences) during each cycle of the 
PCR reaction. The method combines the nucleic acid amplification and detection steps into 
one homogeneous assay, providing data acquisition in real time (Bustin et al. 2005). Real-
time PCR benefits include high sensitivity, large dynamic range and accurate quantification 
with potential high throughput. 
Another vastly growing area of molecular biology is proteomics, investigating the 
host's cellular responses to various triggers at the protein level. Similar to transcriptomics, 
differential proteomics can be used to identify proteins associated with different 
physiopathological stages by comparing the protein profiles between two populations 
(Monteoliva and Albar 2004). Proteomics contributes to a better understanding of the host 
transcriptional response revealed by gene expression analysis, as the regulation of 
physiological processes in eukaryotes often happens post-transcriptionally (McDonald and 
Yates III 2000). Two primary approaches used in proteomics are two-dimensional gel 
electrophoresis and mass spectrometry, with recent developments in proteomic techniques 
circumventing the use of gels (capillary isoelectric focusing, Protein Chip Arrays, single 
dimension and multidimensional high pressure liquid chromatography). In all, understanding 
the genetic regulation of the host's response to diseases through analysis of the prokaryotic 
and eukaryotic transcriptome and proteosome would not have been possible without the 
remarkable advances in molecular biology. 
Conclusions 
An important aspect of salmonellosis that continues to elude our understanding is the 
mechanism(s) of Salmonella enterica-host specificity. Investigations to identify the 
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mechanism(s) of Salmonella-host adaptation have focused both on the pathogen-side as well 
as the host-side of the infection. Comparative analyses of several Salmonella genomes as 
well as functional analysis of different Salmonella effectors have been performed to 
understand the disease-causing strategies employed by the pathogen. From the host side, 
immune and molecular host defense systems have been studied to reveal disease resistance 
mechanisms. A valuable model system to study host-Salmonella interactions is the pig, as 
swine support infections from both host-adapted (Choleraesuis) and generalist 
(Typhimurium) Salmonella enterica serovars, with each causing distinct clinical diseases in 
the pig. Although many important aspects of the swine response to Salmonella infection 
have been revealed, knowledge about the mechanisms underlying S. Choleraesuis and S. 
Typhimurium pathogenesis in swine and differences in the swine transcriptional response to 
these pathogens is scarce. To investigate alterations in the transcriptome of swine infected 
with Salmonella, Chapter Two and Chapter Three describe two independent studies where 
the suppression subtractive hybridization technique was used to analyze differentially 
expressed swine genes, and real-time PCR was employed to analyze and quantitate gene 
expression over a course of time spanning from the acute to the chronic stages of infection. 
Using the above mentioned functional genomic approaches, the swine transcriptional 
response to S. Choleraesuis is analyzed in Chapter Two, while specific differences in the 
swine response to S. Choleraesuis compared to S. Typhimurium are revealed in Chapter 
Three. 
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CHAPTER 2. ANALYSIS OF PORCINE DIFFERENTIAL GENE 
EXPRESSION FOLLOWING CHALLENGE WITH SALMONELLA 
ENTER/CA SEROV AR CHOLERAESUIS USING SUPPRESSION 
SUBTRACTIVE HYBRIDIZATION 
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Abstract 
Swine-adapted Salmonella enterica subsp. enterica serovar Choleraesuis (S. 
Choleraesuis) is the pathogen most frequently isolated from diseased pigs and may affect 
host gene expression in a species-specific manner. To characterize the porcine 
transcriptional response to S. Choleraesuis infection, the mRNA profiles from the mesenteric 
lymph nodes of three non-infected and three experimentally-infected pigs at 24 hours post-
inoculation were analyzed by Suppression Subtractive Hybridization (SSH). Forty-four up-
regulated and forty-four down-regulated genes were revealed by differential cDNA screening 
of384 forward and 288 reverse subtracted cDNA clones. The DNA sequence of the cDNA 
clones identified genes with a role in a variety of cellular functions as well as gene products 
of unknown function. Seven up-regulated genes (CXCLlO, CXCR4, SDCBP, DNAJAl, 
HSPHl, HSP90 and ANXA5) and two functionally related genes (HSP70 and 
DNAJA4:pDJAl) were selected for further analysis based on their predicted roles in 
infection and immunity. Real-time RT-PCR was performed using RNA collected from a 
time course of infection spanning from the acute phase (8 hours) to the chronic phase (21 
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days) to confirm and quantitate the up-regulation of the SSH-enriched genes. Correlating 
with the clinical signs of infection (fever, diarrhea and lethargy), the most dramatic induction 
of gene expression for all nine genes occurred at 48 hours post-inoculation. This 
investigation further defines the porcine response to a host-adapted strain of Salmonella by 
revealing the differential expression of genes with a role in a variety of host cellular 
functions including innate immunity and cytoskeleton regulation. 
1. Introduction 
With over 2500 serovars, the genus Salmonella is widely distributed in the world. 
Although most serovars have a broad host range (for example, Salmonella enterica serovar 
Typhimurium (S. Typhimurium)), several Salmonella enterica serovars are adapted to a 
single host such as Typhi (humans), Dublin (bovine), Abortusovis (small ruminants) and 
Choleraesuis (swine) (Schwartz, 1999). Unique interactions between host-adapted 
Salmonella and its host are needed to produce a specific systemic infection. Clinical and 
pathogenic experiments demonstrate that oral inoculation of pigs with different Salmonella 
serovars results in distinct diseases (Schwartz, 1999). Infection of pigs with S. Choleraesuis 
can result in septicemia, enterocolitis, pneumonia and/or hepatitis (as a consequence of 
bacteremia) whereas infection with S. Typhimurium usually only causes enterocolitis (Reed 
et al., 1986; Schwartz, 1999). Host-specific Salmonella serovars also have a greater capacity 
to survive within their host's macrophages. For example, S. Typhi has an increased ability to 
survive and proliferate within human macrophages, whereas S. Typhimurium survives and 
replicates better in murine macrophages (Schwan et al., 2000). Additional differences 
between Salmonella serovars were observed in the cellular invasion of microfold (M) cells as 
a port of entry. In the swine ligated ileal loop model, multiple organisms of S. Choleraesuis 
invaded M cells whereas only one or two organisms of S. Typhimurium were found per cell; 
furthermore, S. Choleraesuis caused more extensive apical membrane rearrangements 
46 
characterized by lamellipodia and filopodia formation or ruffling (Meyerholz and Stabel, 
2003). 
In response to Salmonella infection, the host stimulates nonspecific immune and 
inflammatory responses as well as specific cellular and humoral immune responses (Jones 
and Falkow, 1996; Eckmann and Kagnoff, 2001). Phagocytic cells play a central role in 
innate immunity and are critical in determining the outcome of infection (Kagaya et al., 
1989; Jones and Falkow, 1996). Cytokines acting on macrophages, such as interferon y 
(IFNG), tumor necrosis factor a (TNF), interleukin 12 (IL12) and IL18, have been 
extensively studied and determined to be critical for resistance to Salmonella (Eckmann and 
Kagnoff, 2001 ). Stabel et al ( 1995) found that infection of swine with live S. Choleraesuis 
elicits different serum TNF responses than infection with live S. Typhimurium. 
Although many important aspects of the swine response to Salmonella infection have 
been revealed, knowledge about the mechanism underlying S. Choleraesuis pathogenesis in 
swine and Salmonella host specificity is scarce. To investigate alterations in the 
transcriptional profiles of swine infected with S. Choleraesuis, Suppression Subtractive 
Hybridization (SSH) was employed to identify differentially expressed genes while real-time 
RT-PCR analyzed gene expression over a course of time including the acute and chronic 
stages of infection. 
2. Materials and methods 
2.1. Bacterial strains, growth media and antibiotics 
S. Choleraesuis x3246 was grown as previously described (Stabel et al., 2002). Briefly, 
an overnight static culture was grown in Luria Bertani (LB) broth to late log/early stationary 
phase at 250 rpm, 37°C. After harvesting by centrifugation, the bacterial pellet was 
resuspended in phosphate-buffered saline (PBS), pH 7.2. Transformed E. coli DH5a were 
grown on LB agar plates containing 100 µg/ml of ampicillin. 
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2.2 Animal experiment 
Eighteen conventionally raised male and female piglets from Salmonella spp.-free sows 
were weaned at 10 days (d) of age, shipped to the National Animal Disease Center, Ames, 
IA and raised in isolation facilities. To confirm that all piglets were free of Salmonella spp. 
prior to experiment, bacteriological cultures were performed on rectal swabs. At 7 weeks of 
age, the pigs were randomly divided in two experimental groups: non-infected (n = 3) and 
infected (n = 15). Three control pigs were necropsied on experimental day -3. On day 0, 
pigs in the infected group were intranasally challenged with 1 x 109 CFU of S. Choleraesuis 
x3246. Rectal temperatures and clinical signs (lethargy, loss of appetite and diarrhea) were 
recorded for each animal daily. At 8 hours (h), 24 h, 48 h, 7 d and 21 d post-inoculation 
(p.i.), three infected pigs were necropsied. 
Tissue samples from the mesenteric lymph nodes were aseptically collected and 
immediately frozen in liquid nitrogen for future mRNA isolation. Samples of the ileocecal 
lymph node were used in quantitative bacteriology. All procedures involving animals were 
lawful and approved by the USDA, ARS, NADC Animal Care and Use Committee. 
2. 3 RNA isolation 
Total RNA was isolated from pig mesenteric lymph node. Briefly, frozen tissues were 
homogenized in liquid nitrogen using a mortar and pestle. Total RNA was extracted from 
~200 mg of tissue using 5 ml of TRizol reagent (Invitrogen Corporation, Carlsbad, CA) 
according to the manufacturer's instructions. The resulting total RNA was further purified 
and treated with DNase I using a RNeasy Midi kit and a RNase-free DNase set (Qiagen, 
Valencia, CA) according to the manufacturer's protocol. Messenger RNA was isolated from 
total RNA using an Oligotex mRNA mini kit (Qiagen) according to the manufacturer's 
guidelines. The concentration of total RNA and thereafter mRNA was determined based on 
absorbance at 260 nm wavelength. RNA integrity, quality and quantity were assessed using 
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the Agilent Bioanalyser 2100 and RNA Nano 6000 Labchip kit (Agilent technologies, Palo 
Alto, CA). 
2. 4 Suppression Subtractive Hybridization 
Suppression subtractive hybridization was performed using PCR Select cDNA 
Subtraction kit (Clontech, Palo Alto, CA) as described by the manufacturer. Forward and 
reverse subtractions were carried out using pooled mesenteric lymph node mRNA 
samples from 3 infected pigs at 24 h p.i. and 3 non-infected pigs at day -3. 
2.5 Cloning 
Secondary (nested) PCR-amplified forward and reverse subtracted cDNA populations 
were cloned into the pBAD vector (pBAD TOPO TA Expression Kit, Invitrogen, Carlsbad, 
CA) and transformed into E. coli DH5a. Following overnight growth on selective media, 
random colonies were picked into 96-well plates containing 200 µl of LB media with 
ampicillin and 20% glycerol. Following overnight incubation at 37°C, the culture plates 
were frozen at -70°C. 
2. 6 Differential Screening 
Subtracted clones were subjected to differential screening to confirm their unique gene 
expression. The cDNA inserts were amplified by PCR using the following conditions: 95°C 
for 1 min followed by 30 cycles at 94°C for 30 sec, 68°C for 30 sec, 72°C for 1 min and a 
final cycle at 72°C for 5 min. PCR products were analyzed on 2 % agarose gels to identify 
insert-containing clones. To prepare for Southern hybridization, 2 identical nylon 
membranes were made using the Bio-Dot apparatus (BioRad, Hercules, CA) by blotting 5 µl 
of denatured, PCR amplified cDNA inserts. For probe preparation, the forward and reverse 
subtracted secondary PCR products were digested with Rsa I to remove the adaptors then 
purified using QIAquick PCR purification kit (Qiagen). Probes (100 ng of denatured cDNA) 
were generated by alkaline phosphatase labeling with Gene Images AlkPhos Direct Labeling 
and Detection System (Amersham Biosciences Corp, Piscataway, NJ) as instructed by the 
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manufacturer. The two identical membranes were hybridized overnight at 55°C, one with the 
forward and the other with the reverse subtracted probes. The hybridization signals were 
visualized using X-ray film or a Multi-Imager Light Cabinet (Alpha Inotech Corporation, 
San Leandro, CA) and quantified using a Chemi-Imager 4000 Low Light Imaging System 
densitometer (Alpha Inotech Corporation, San Leandro, CA) and a GS-800 calibrated 
densitometer with Quantity One Software (BioRad). cDNA clones were considered 
differentially expressed when blots probed with the subtracted tester repeatedly demonstrated 
a signal intensity> 1.5-fold different than blots probed with the subtracted driver. Plasmids 
containing differentially expressed cDNA were extracted and sequenced by dideoxy chain 
termination using an ABI 3700 DNA Analyzer (Applied Biosystems Inc., Foster City, CA) at 
the Iowa State University DNA sequencing and synthesis facility. DNA homology searches 
were conducted using the Basic Local Alignment Search Tool (BLAST) from the National 
Center of Biotechnology Information (NCBI) (Altschul et al., 1997). All selected plasmids 
were re-blotted in triplicate on nylon membranes and re-hybridized to forward and reverse 
subtracted secondary PCR products using the above described technique. 
2. 7 Real-time RT-PCR 
Differential expression of the clones of interest was verified using quantitative one-step 
RT-PCR. Total RNA, isolated from 3 individual swine mesenteric lymph node samples at 
day -3 (non-infected), 8 h, 24 h, 48 h, 7 d and 21 d p.i. served as a template for amplification 
using an ABI PRISM 7900 Sequence Detection System (Applied Biosystems). RT-PCR 
transcripts from each pig were amplified in triplicate and detected using the QuantiTect 
SYBR Green RT-PCR kit (Qiagen). Thermal cycling parameters were as follows: 50°C for 
30 min, 95°C for 15 min, 35 cycles at 94°C for 15 sec, 55°C to 60°C for 30 sec (the 
annealing temperature varied depending on the gene specific primers), 72°C for 5 sec. At 
the 72°C step, fluorescent data acquisition was performed. Following PCR cycling, 
disassociation curve analysis was performed at 95°C for 15 sec, 60°C for 15 sec and 95°C 
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for 15 sec; data acquisition was performed at the final 60°C -95°C ramp and the final 95°C 
step. Analysis of the disassociation curves (as well as agarose gel electrophoresis) 
confirmed that fluorescent signal was generated only from specific cDNA transcripts. The 
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was used as the 
endogenous assay control (primer sequence: forward 5'- CAGCAATGCCTCCTGTACCA-
3' and reverse 5'-GATGCCGAAGTTGTCATGGA-3', GenBankaccessionno. AY008846 
(Vallee et al., 2003)). Gene expression data were normalized to the amount of total RNA 
amplified (Bustin, 2002) based on the accurate quantitation of RNA using the Agilent 
Bioanalyser 2100. Relative quantification of gene amplification by real-time RT-PCR was 
performed using the cycle threshold (Ct) values (Dawson et al, 2004). Fold change in 
expression of the target gene is presented as log 2 of the difference between averaged Ct 
values for the control and infected pigs. 
2.8 Statistical analysis 
Data from the cDNA Southern hybridization and real-time RT-PCR (Ct values) 
were analyzed using the unpaired t test from GraphPad InStat software (GraphPad 
Software Inc, San Diego, CA). Results were considered to be significant when P<0.05. 
3. Results 
3.1 Suppression Subtractive Hybridization (SSH) to identifo differentially expressed 
porcine genes 
To identify specific aspects of the porcine response to S. Choleraesuis at the 
molecular level, SSH was employed to characterize differential gene expression following 
infection. To obtain the porcine tissues for SSH, an experimental swine infection with S. 
Choleraesuis was performed over a 3 week period. The pigs developed clinical signs of 
disease manifested by a loss of appetite, lethargy and diarrhea at day 2 p.i. that continued for 
about a week. The rectal temperature of the infected animals peaked at infection day 2 
(41.6°C ± 0.4) and gradually declined to the temperature of the non-infected controls 
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(~39.7°C). Salmonella was detected in the ileocecal lymph nodes throughout the 21 d 
experiment (data not shown). 
Using the SSH technique, the mRNA populations of the mesenteric lymph nodes 
from non-infected and infected pigs at 24 h p.i. were compared to identify genes expressed 
more highly in one population than in the other. Following SSH, the forward and reverse 
subtracted cDNA populations were cloned and a subtracted library representing differentially 
expressed genes was created. Differential cDNA screening by Southern hybridization was 
performed on 384 forward subtracted cDNA clones and 288 reverse subtracted cDNA clones, 
revealing 44 up-regulated and 44 down-regulated cDNA clones. DNA sequence was 
determined for the 88 differentially expressed clones, within which we found 12 duplicates 
and thus 76 different cDNAs. Based on their sequence identity with the GenBank database, 
the identified genes were grouped into various categories (Fig. 1). Twenty-six of the forward 
subtracted sequences (up-regulated swine genes during S. Choleraesuis infection) showed 
homology with known genes, 12 sequences aligned with genes of unknown function and 6 
sequences were novel genes that had no homology with the GenBank database. The cellular 
roles of the genes identified by forward subtraction involve the following functions: heat 
shock response, translation, transcription, immunity, cell metabolism, vesicular transport, 
signal transduction, cell cycle regulation, apoptosis and membrane proteins. Only one 
forward subtracted DNA sequence was duplicated. As for the reverse subtracted clones 
(down-regulated swine genes during S. Choleraesuis infection), 37 sequences showed 
identity with known genes, 4 sequences aligned with genes of unknown function and 3 
sequences had no homology in the database. The cellular functions of the genes identified by 
reverse subtraction include cell metabolism, cell cycle regulation, immunity, signal 
transduction, transcription and translation as well as genes encoding for mitochondrial, cell 
membrane, ribosomal and cytoskeleton proteins. Eleven reverse subtracted DNA sequences 
were repeated. Based on their potential role in the stimulation of host's immune and 
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inflammatory response to S. Choleraesuis infection, seven up-regulated genes from the SSH 
study were selected for confirmation by real-time RT-PCR (Table 1). 
3.2 Real-time RT-PCR of differentially expressed genes 
To analyze the expression profiles of the SSH identified genes over the 3 week period of 
infection with S. Choleraesuis, real-time RT-PCR analysis was performed. The expression of 
CXCLlO, CXCR4, SDCBP, HSPHl, HSP90, DNAJAl and ANXA5 was quantified based on 
the Ct values obtained for the total RNA transcripts of the non-infected and infected porcine 
mesenteric lymph nodes (Table 2). Only significant results (P<0.05) are described. The 
expression of CXCL 10 was increased at 24 h p.i., exhibited the greatest induction at 48 h p.i. 
and remained up-regulated to 7 d p.i. (Fig. 2a). The expression of CXCR4 and SDCBP 
peaked at 48 h p.i. (Fig. 2b and 2c). Up-regulation ofHSPHl and DNAJAl was detected at 
24 h p.i. with the highest expression level at 48 h p.i. (Fig. 2d and 2e ). Induction of HSP90 
and ANXA5 was detected at 24 h p.i. and continued to 21 d p.i. with the highest up-
regulation at 48 h p.i.(Fig. 2f and 2g). 
Three heat shock proteins (DNAJAl, HSPHl and HSP90) were identified in the SSH 
study and confirmed by real-time RT-PCR. These heat shock proteins are known to be 
functionally associated with HSP70 (Yamagishi et al., 2000; Gotoh et al., 2004). Although 
not identified in the SSH experiment, the expression ofHSP70 was specifically analyzed by 
real-time RT-PCR from the mesenteric lymph-node of S. Choleraesuis infected swine 
because of its intricate involvement with the 3 HSPs identified by SSH. Real-time RT-PCR 
results indicated that HSP70 was significantly up-regulated at 8 h, 24 h, 48 hand 21 d p.i. 
(Table 2 and Fig. 3). Similar to the other heat shock proteins, HSP70 demonstrated its 
greatest induction at 48 h p.i. 
In our study, a member of the large HSP40 (DNAJ) protein family was identified by SSH 
(DNAJAl). As stated above, the DNAJ proteins interact with HSP70 proteins to form a 
chaperone complex, and the specific function of HSP70 in the different cellular 
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compartments is determined by the DNAJAl protein (Rassow et al., 1995). To extend the 
understanding about the possible role of the DNAJ homo logs in the S. Choleraesuis infection 
model, the expression profile of a chaperone recently described in swine, DNAJA4: pDJAl 
(Depre et al., 2003), was analyzed by real-time RT-PCR. The expression ofDNAJA4: 
pDJAl was up-regulated at 24 hand 48 h p.i. (Table 2 and Fig. 4), consistent with the highest 
induction of its partner chaperones, HSP70 and HSPHl. 
4. Discussion 
To identify differentially expressed porcine genes during a Salmonella infection, SSH 
analysis was performed on swine experimentally infected with S. Choleraesuis. The pigs 
developed a typical S. Choleraesuis infection, exhibiting clinical symptoms at 48 h p.i. with 
high levels of Salmonella in the ileocecal lymph node detected from 24 h p.i. To investigate 
the onset/development of the host's response, RNA isolated from the mesenteric lymph node 
at 24 h p.i. of infected and non-infected pigs was selected for SSH analysis. Seven of the up-
regulated genes (CXCLlO, CXCR4, SDCBP, DNAJAl, HSPHl, HSP90 and ANXA5) 
identified by SSH were selected for further analysis due to their potential role in the host's 
response to S. Choleraesuis infection. Real-time RT-PCR confirmed the up-regulation of the 
SSH identified genes at 24 h p.i., although not significantly for two of the genes. 
Interestingly, the most dramatic changes in gene expression were observed at the 48 h time 
point, correlating with the symptoms of the S. Choleraesuis infection. Thus, by day 2 p.i., S. 
Choleraesuis is actively colonizing the host and mediators of inflammation and the immune 
response are responding to the infection. 
Significant induction of chemokine CXCL 10 was detected as early as 24 h p.i., 
indicating an early activation of the naYve immune response by the host. CXCL 10, produced 
by many different cell types in the body, is a potent chemoattractant, targeting receptor 
CXCR3 and predominantly attracting activated CD4+ T lymphocytes and natural killer (NK) 
cells expressing this receptor on their surface (Taub et al., 1993; Loetscher et al., 1996). 
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Salmonella and Salmonella-derived LPS can induce cultured mouse osteoblasts to produce 
high levels of CXCLlO (Gasper et al., 2002), and neutrophils stimulated by IFNG and 
bacterial LPS produce CXCLlO which attracts CXCR3 expressing immune cells to the site of 
infection (Gasperini et al., 1999). In our study, swine infected with S. Choleraesuis exhibited 
an increase in expression of CXCLlO for at least a week, suggesting that CXCLlO is 
important in facilitating the clearance of Salmonella by attracting immune cells, T 
lymphocytes and NK cells to the site of inflammation during the acute infection. 
Furthermore, because CXCLlO is a mediator of the Thl type immune response, up-
regulation of CXCL 10 in the infected pigs supports the recent suggestion by Chiu et al 
(2004) that swine initiate a Thl mediated response to S. Choleraesuis. The innate immune 
system recognizes the LPS of Salmonella, an essential component of the bacterial outer 
membrane and a major determinant of Salmonella virulence (Chiu et al., 2004). HSP70, 
HSP90, CXCR4 and growth differentiation factor 5 (GDF5) have been identified as LPS 
receptor molecules or LPS associated proteins (LAPs) that play an essential role in LPS 
ligation and delivery of an activation signal into the host cell, thereby triggering multiple 
signaling pathways within the cell including the pro-inflammatory responses (Triantafilou 
and Triantafilou, 2002). Two LAPs (CXCR4 and HSP90) were identified in the SSH study 
and confirmed by real-time RT-PCR. A third LAP, HSP70 was selected for gene expression 
analysis by real-time RT-PCR. The peak up-regulation of all three LAPs was detected at 48 
h p.i., indicating that S. Choleraesuis is actively triggering the host innate immune response 
and the expression of multiple immune mediators. 
In addition to its implicated role as one of the LPS receptors, HSP70 is also a 
molecular chaperone. Studies indicate that under normal conditions, HSP70, with the help of 
its co-chaperones (DNAJ proteins), is involved in protein folding and re-folding of misfolded 
proteins as well as intracellular protein transport (Kiang and Tsokos, 1998). Under stress 
conditions, HSP70 can bind to damaged proteins and facilitate their refolding or target them 
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for degradation (Samali and Orrenius, 1998). HSP70 is functionally connected with the 
HSP40 (DNAJ) family of proteins and HSPHl. Both DNAJAl and HSPHl were found by 
SSH to be induced in S. Choleraesuis infected pigs, and real-time RT-PCR determined that 
both genes were up-regulated during the initial 48 h of infection. As a member of the 
HSP70/DNAJ chaperone complex in the cell, DNAJ proteins stimulate intrinsic HSP70 
ATPase activity, facilitating the efficient ATP-dependent binding of HSP70 to the 
polypeptide substrate (Minami et al., 1996; Yamagishi et al., 2000). HSPHl not only 
functions as a chaperone preventing thermal aggregation of proteins but also is a regulator of 
the HSP70/DNAJ complex (Y amagishi et al., 2000). Furthermore, HSPHl suppresses the 
aggregation of heat denatured proteins in the presence of ADP rather then ATP. Thus, under 
conditions whereby cellular ATP levels may be diminished (such as stress or infection), 
HSPHl may substitute for the HSP70 family of proteins since they require ATP to suppress 
denatured protein aggregation (Yamagishi et al., 2003). 
As well as the roles of LPS receptor and molecular chaperone, studies indicate that 
HSP70 in conjunction with the DNAJ chaperone family can prevent cellular apoptosis by 
preventing the activation of apoptotic signaling pathways, such as stress-activated protein 
kinase SAPK/JNK (c-Jun N-terminal kinase) and caspase-3 (Mosser et al., 1997; Gotoh et 
al., 2004). It has been reported that HSP70 plays an important role in protecting 
macrophages against TNF mediated cell death as a consequence of Salmonella infection 
(Nishimura et al., 1997). Treatment of cultured monocyte/macrophage cells with a HSP70 
anti-sense oligonucleotide dramatically increased cell death in response to S. Choleraesuis 
infection. In addition, Depre et al. (2003) reported that apoptosis was significantly decreased 
in cardiac myocyte cells transduced with DNAJA4:pDJA1, another DNAJ family member 
(specifically identified in swine) with elevated gene expression at 48 h p.i. in our S. 
Choleraesuis infection study. Furthermore, heart muscle cells over-expressing HSP70 and 
DNAJA4 were more resistant to severe heat shock (Abdul et al., 2002). Therefore, with their 
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implicated functions in bacterial LPS ligation, protein chaperoning, apoptosis prevention and 
cytoskeleton formation/protection (Liang and MacRae, 1997), the up-regulation of 
DNAJA4:pDJA1 as well as DNAJAl in conjunction with HSP70 and HSPHl in the S. 
Choleraesuis swine infection model indicates an important role for the HSP complexes in the 
host's cellular response to Salmonella infection and survival under infectious stress 
conditions. 
SDCBP was identified in the SSH study and confirmed by real-time RT-PCR to be 
up-regulated at 48 h p.i. Through its PDZ domain, SDCBP binds syndecans, proteins that 
co-ordinate actin cytoskeleton rearrangements in the cell and regulate signaling through the 
Rho family of GTPases (Bass and Humphries, 2002). It is known that Salmonella uses 
virulence genes of the Type III secretion apparatus that act on GTPases of the Rho subfamily 
to induce cell membrane and cytoskeleton rearrangements that facilitate its entry into the cell 
(Galan, 2001 ). Thus, S. Choleraesuis may cause the induction of SDCBP to initiate the 
cytoskeleton rearrangement events that support cellular invasion. 
DNA sequences encoding ANXAS were enriched by SSH, and real-time RT-PCR 
analysis revealed the up-regulation of the gene from 48 h to 21 days p.i. The annexin family 
of proteins possesses the common feature of binding phospholipids in a calcium dependent 
manner and has been implicated in multiple cellular processes including membrane 
trafficking, ion-channel formation, anticoagulation, signal transduction, inflammation and 
apoptosis (Raynal and Pollard, 1994; Blankenberg et al., 2001). Errasfa and Russo-Marie 
(1989) observed a decrease in leukocyte migration and neutrophil accumulation in 
inflammatory sites of mice upon i.v. injection of ANXAS. In the S. Choleraesuis infection 
model, ANXAS may play a protective role for host cells and tissues as an anti-inflammatory 
agent as well as be involved in vesicular trafficking within phagocytic cells. 
In summary, this study was performed to investigate the porcine transcriptional 
response to S. Choleraesuis over a time course of infection ranging from the acute stage (8 h) 
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to the carrier stage (21 d). SSH identified and real-time RT-PCR confirmed the up-
regulation of porcine genes involved in innate immunity and the Thl type immune response 
following experimental inoculation with S. Choleraesuis. Furthermore, swine genes involved 
in cytoskeleton regulation and rearrangement, a host structure manipulated by Salmonella 
during cellular invasion, were also induced in response to S. Choleraesuis infection. 
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Figure legends 
Fig. 1. Differentially expressed genes identified by SSH in swine experimentally-
inoculated with S. Choleraesuis. The schematic represents the results of the SSH analysis 
using mRNA isolated from the mesenteric lymph nodes of non-infected and S. Choleraesuis-
infected pigs at 24 h p.i. 
Fig. 2. Real-time RT-PCR of the up-regulated genes identified by SSH in swine 
during S. Choleraesuis infection: (a) CXCLlO, (b) CXCR4, (c) SDCBP, (d) HSPHl, (e) 
DNAJAl, (f) HSP90, (g) ANXA5. Total RNA amplification was performed in triplicate for 
each individual pig and analyzed using the averaged C1 values obtained from the mesenteric 
lymph nodes of three control and three S. Choleraesuis-infected swine at 8 h, 24 h, 48 h, 7 d 
and 21 d p.i. The results are expressed as the fold change in gene expression in the S. 
Choleraesuis-infected sample compared to the non-infected control. The asterisk (*) 
represents statistically significant results (P<0.05). 
Fig. 3. Expression of HSP70 is increased in swine during S. Choleraesuis infection. 
HSP70 was amplified from total RNA isolated from the mesenteric lymph nodes of control 
and S. Choleraesuis-infected pigs at 8 h, 24 h, 48 h, 7 d and 21 d p.i. using real-time RT-PCR 
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primers: forward 5'-GGTGCTCACCAAGATGAAGGAG-3' and reverse 5'-
GTCGTTGAAGTAGGCCGGCAC-3', GenBank accession no. M69100. For each time 
point, analysis of each individual pig was performed in triplicate and the Ct values from the 
three control and three infected pigs were averaged. The results are expressed as the fold 
change in gene expression in the S. Choleraesuis-infected sample compared to the non-
infected control. The asterisk(*) represents statistically significant results (P<0.05). 
Fig. 4. Expression ofDNAJA4:pDJAlchaperone is increased in swine during S. 
Choleraesuis infection. DNAJA4:pDJA1 was amplified from total RNA isolated from the 
mesenteric lymph nodes of control and S. Choleraesuis-infected pigs at 8 h, 24 h, 48 h, 7 d 
and 21 d p.i. using real-time RT-PCR primers: forward 5'-CTAGCAAACCTCCAGGCATG 
-3' and reverse 5'-CAGCCCTGAGATCATACCCTC-3', GenBank accession no. 
NM_214339. For each time point, analysis of each individual pig was performed in triplicate 
and the Ct values from the three control and three infected pigs were averaged. The results 
are expressed as the fold change in gene expression in the S. Choleraesuis-infected sample 
compared to the non-infected control. The asterisk(*) represents statistically significant 
results (P<0.05). 
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CHAPTER 3. THE HOST-SPECIFIC PORCINE RESPONSE TO 
SALMONELLA ENTER/CA SEROV ARS CHOLERAESUIS AND 
TYPHIMURIUM 
The manuscript to be submitted to Infection and Immunity 
J.J. Uthe1'2, A. Royaee3, J.K. Lunney3, T.J. Stabel1, S.H. Zhao2, C.K. Tuggle2 
and S.M.D. Bearson1 
USDA, ARS National Animal Disease Center, 2300 Dayton Rd, Ames, IA, 50010, USA1, 
Iowa State University, Ames, IA, USA2, USDA, ARS, Beltsville Agricultural Research 
Center, Beltsville, MD, USA3 
ABSTRACT 
The host response to infection is highly pathogen-specific, thereby providing potential targets 
for diagnostic assays, therapeutic treatments and disease interventions. An investigation of 
the porcine response to infection with a narrow (Choleraesuis) or broad (Typhimurium) host 
range serovar of Salmonella enterica revealed differences in the porcine serum levels of 
interferon-a (INF A) and tumor necrosis factor (TNF); S. Choleraesuis-infected swine 
exhibited higher levels for both cytokines throughout a 21 day infection. Transcriptional 
analysis by real-time PCR on the mesenteric lymph nodes (MLN) revealed a strong T helper 
1 (Thl) response and increased expression of genes involved in inflammation and innate 
immunity in the pigs inoculated with S. Choleraesuis (IFNG, INDO, STATl, SOCSl, IRFl, 
ILlB, IL6, TLR4, SLCl lAl, CSF2), whereas the S. Typhimurium-infected pigs repressed 
the expression of several innate and inflammatory response genes (IL6, TLR4, CSF2) and 
only transiently induced the Thl response. A similar gene expression trend was observed for 
genes identified in the suppression subtractive hybridization (SSH) study comparing 
infection with S. Choleraesuis and S. Typhimurium at 24 h p.i. Real-time PCR analysis from 
8 h to 21 d identified unique gene expression patterns; CD47/IAP, CXCLlO, SCARB2 were 
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up-regulated in S. Typhimurium infected pigs and ARPC2, CCT7, HSPHl, LCPl, PTMA, 
SDCBP, and VCP were significantly induced in MLN during infection with S. Choleraesuis. 
Overall, S. Choleraesuis infection in swine induces classic inflammatory gene expression 
while S. Typhimurium induces only a mild and transient transcriptional response of immune-
related genes. These results suggest that S. Typhimurium down-regulates the porcine immune 
response, potentially evading aspects of the host's immune system, and thereby progressing 
into a chronic infection resulting in the carrier state in the pig. 
INTRODUCTION 
Salmonella spp. are so ubiquitous in nature that they have been recovered from nearly 
all vertebrates (23, 25). While many of the 2400 serovars, such as Salmonella enterica 
subsp. enterica serovar Typhimurium (S. Typhimurium) have a broad host range with the 
potential to infect almost all vertebrates, other serovars have a narrow host range, such as 
Salmonella enterica serovar Choleraesuis (S. Choleraesuis ), which infects predominantly 
swine (12, 23, 87). The severity and the outcome of the clinical disease caused by 
Salmonella spp. depends on the animal species and the serovar involved (100). Swine 
infection with S. Choleraesuis results in septicemia, enterocolitis and often pneumonia and 
hepatitis, whereas swine infected with S. Typhimurium usually develop only enterocolitis of 
variable severity, but these pigs are responsible for zoonotic infections of humans (88, 100). 
Additional differences between the two Salmonella serovars were observed in the cellular 
invasion of micro fold (M) cells as a port of entry. In the swine ligated ileal loop model, 
multiple organisms of S. Choleraesuis invaded M cells whereas only one or two organisms of 
S. Typhimurium were found per cell; furthermore, S. Choleraesuis caused more extensive 
apical membrane rearrangements characterized by lamellipodia and filopodia formation or 
ruffling ( 69). 
In response to the pathogen, and to overcome the ability of Salmonella to evade the 
host's immune defense mechanisms, the host stimulates an innate immune response followed 
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by the development of adaptive immunity during the course of infection (22, 42). Phagocytic 
cells are important initiators of the host immune response essential for Salmonella clearance 
from the host but also serve as targets for Salmonella invasion and dissemination (22, 120, 
125). In fact, functional changes in polymorphonuclear neutrophils (PMNs) of swine 
infected with S. Choleraesuis or S. Typhimurium indicate that both pathogens have the ability 
to inhibit killing and survive intracellularly, facilitating the establishment of a clinical 
infection or carrier state (14, 91, 92, 108). Nevertheless, PMNs play an essential role in 
swine protection against Salmonella infection (27). As demonstrated by a study designed to 
characterize inherited resistance of swine to S. Choleraesuis: resistant pigs demonstrated 
higher numbers of blood PMNs with enhanced phagocytic and bactericidal activity than 
Salmonella susceptible pigs (118). 
Studies involving both in vitro and in vivo model systems have revealed that several 
Salmonella serovars (Typhimurium, Choleraesuis, Dublin, Enteritidis, Typhi, Gallinarum, 
Pullorum) activate a T helper 1 (Thl )-type immune response by inducing the expression of 
numerous proinflammatory cytokines, including interleukin-I (IL-1 ), IL-2, IL-6, IL-12, IL-
18, IFNG, tumor necrosis factor-a (TNF), chemokines, and hematopoietic growth and 
survival factors (11, 22, 47, 52, 64, 125). Specifically in swine, the expression of TNF, 
IFNG, IL-1, IL-6, IL-8 and IL-18 was found to be induced at various levels in tissues, plasma 
or ileal washes after infection with S. Choleraesuis or S. Typhimurium (13, 26, 28, 106, 107, 
114, 115). Serum TNF levels were found to be different in swine infected with S. 
Choleraesuis compared to S. Typhimurium ( 4, 109). Protective and adaptive anti-Salmonella 
immunity generally depends on the activation of phagocytic functions with the involvement 
of several cytokines (especially IFNG, TNF, IL-12), the presence ofThl immunological 
memory and anti-Salmonella antibodies (32, 64, 65, 71). 
Clinical and pathological data indicate that swine infected with host-adapted S. 
Choleraesuis and generalist S. Typhimurium develop distinct diseases (11, 88, 100); 
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however, differences in the swine immune response to the two organisms are not well 
defined. To analyze the specific porcine response to S. Choleraesuis and S. Typhimurium, 
Suppression Subtractive Hybridization (SSH) was performed to identify differentially 
expressed swine genes at 24 hours (h) post-inoculation (p.i.) while real-time PCR analyzed 
the expression of specific porcine genes over a course of time including the acute and chronic 
stages of infection. 
MATERIALS AND METHODS 
Bacterial strains, growth media and antibiotics. S. Choleraesuis x3246 and S. 
Typhimurium x4232 was grown as previously described (108). Briefly, an overnight static 
culture was grown in Luria Bertani (LB) broth (1 %) to late log/early stationary phase at 220 
rpm, 3 7°C. After harvesting by centrifugation, the bacterial pellet was resuspended in 
phosphate-buffered saline (PBS), pH 7.2. Transformed E. coli DH5a were grown on LB 
agar plates containing 1 OOµg/ml of ampicillin. 
Animal experiments. For the S. Choleraesuis and S. Typhimurium challenge 
experiments, conventionally raised male and female piglets from Salmonella spp.-free sows 
were weaned at 10 days ( d) of age, shipped to the National Animal Disease Center, Ames, IA 
and raised in isolation facilities. To confirm that all piglets were free of Salmonella spp. 
prior to challenge, bacteriological cultures were performed on rectal swabs twice. For each 
challenge experiment, 7 weeks old pigs were randomly divided in two experimental groups: 
non-infected (n = 3) and infected (n = 15). Three non-infected control pigs were necropsied 
2-3 days prior to experimental infection. On day 0, pigs in the infected groups were 
intranasally challenged with 1 x 109 CFU of S. Choleraesuis x3246 or S. Typhimurium 
x4232. Rectal temperatures and clinical signs (lethargy, loss of appetite and diarrhea) were 
recorded for each animal daily. For each experiment, three infected pigs were necropsied at 
8 h, 24 h, 48 h, 7 d and 21 d p.i. Fecal, blood serum and tissue samples from the mesenteric 
(MLN) and ileocecal lymph nodes (ICLN) were aseptically collected. Fecal and ICLN 
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samples were used in quantitative bacteriology. Mesenteric lymph node samples were 
immediately frozen in liquid nitrogen for RNA isolation. Serum samples were frozen for 
future use in cytokine assays. 
Quantitative bacteriology. At the time of necropsy, ~5g ofICLN per pig were 
collected into Whirl-Pack bags (Fisher Scientific, Pittsburg, PA) containing 15ml of PBS 
(pH 7.2), pounded then homogenized with a Stomacher 80 laboratory blender (Tekmar, 
Cincinnati, OH). 100 µl aliquots of tissue homogenate were directly plated onto duplicate 
plates containing brilliant green agar with 80 µg/ml sulfadiazine (BGS) (Difeo, Detroit, MI) 
and 200 µg/ml streptomycin (S. Choleraesuis) or 30 mg/ml naladixic acid (S. Typhimurium). 
Another 35 ml of PBS was then added for an additional set of duplicate plating. Quantitative 
bacteriology was performed using the 5 tube most probable number method (126) and results 
were reported as the mean of the respective group for each time point of infection. 
Serum ELISA. Enzyme-linked immunosorbent assay (ELISA) was used for serum 
interferon-y (IFNG) and tumor necrosis factor-a (TNF) analysis. Serum INFG and TNF 
analyses were performed using Porcine INFG ELISA Kit (Pierce, Rockford, IL) and Porcine 
TNF /TNFSF2 Immunoassay (R&D Systems, Minneapolis, MN) according to the 
manufacturers protocol. Respective standard curves were used to determine the amount 
(pg/ml) of each cytokine in the porcine serum samples. Results represent the mean and 
standard deviation of the respective group for each time point of infection. 
RNA isolation. Total RNA was isolated from pig mesenteric lymph node. Briefly, 
frozen tissues were disrupted in liquid nitrogen using a mortar and pestle and homogenized 
by a needle and syringe method. For S. Choleraesuis infected samples, total RNA was 
extracted from ~200 mg of tissue using 5 ml of TRizol reagent (Invitrogen Corporation, 
Carlsbad, CA). The resulting total RNA was further purified and treated with DNase I using 
an RNeasy Midi kit and the RNase-free DNase set (Qiagen, Valencia, CA). For S. 
Typhimurium infected mesenteric lymph nodes, total RNA was extracted from ~200 mg of 
73 
tissue using a RN easy Midi kit including DNase I treatment with the RNase-free DNase set 
(Qiagen). Messenger RNA was isolated from total RNA using an Oligotex mRNA mini kit 
(Qiagen). The concentration of total RNA and thereafter mRNA was determined based on 
absorbance at 260 nm wavelength. RNA integrity, quality and quantity were assessed using 
the Agilent Bioanalyser 2100 and RNA Nano 6000 Labchip kit (Agilent technologies, Palo 
Alto, CA). 
Suppression Subtractive Hybridization. Suppression subtractive hybridization 
(SSH) was performed using PCR Select cDNA Subtraction kit (Clontech, Palo Alto, CA) 
as described by the manufacturer. Forward (S. Choleraesuis mRNA as tester, S. 
Typhimurium mRNA as driver) and reverse (S. Typhimurium mRNA as tester, S. 
Choleraesuis mRNA as driver) subtractions were carried out using pooled MLN mRNA 
samples from 3 pigs infected with S. Choleraesuis and 3 pigs infected with S. 
Typhimurium at 24 h p.i. 
Cloning. Secondary PCR-amplified forward and reverse subtracted cDNA 
populations were cloned into the pBAD vector (pBAD TOPO TA Expression Kit, 
Invitrogen, Carlsbad, CA) and transformed into E. coli DH5a. Following overnight growth 
on selective media, random colonies were picked into 96-well plates containing 200 µl of LB 
media with ampicillin and 20% glycerol. Following overnight incubation at 37°C, the 
culture plates were frozen at -70°C. 
Differential Screening. Subtracted clones were subjected to differential screening to 
confirm their unique gene expression. The cDNA inserts were amplified by PCR using the 
following conditions: 95°C for 1 min followed by 30 cycles at 94°C for 30 sec, 68°C for 30 
sec, 72°C for 1 min and a final cycle at 72°C for 5 min. PCR products were analyzed on 2 % 
agarose gels to identify insert-containing clones. To prepare for Southern hybridization, 2 
identical nylon membranes were made using the Bio-Dot apparatus (BioRad, Hercules, CA) 
by blotting 5 µl of denatured, PCR amplified cDNA inserts. Prior to hybridization, the 
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forward and reverse subtracted secondary PCR products were digested with Rsa I to remove 
the adaptors and then purified using QIAquick PCR purification kit (Qiagen). Probes (100 ng 
of denatured cDNA) were generated by alkaline phosphatase labeling with Gene Images 
AlkPhos Direct Labeling and Detection System (Amersham Biosciences Corp, Piscataway, 
NJ) as instructed by the manufacturer. The two membranes were hybridized overnight at 
55°C, one with the forward and the other with the reverse subtracted probes. The 
hybridization signals were visualized using Kodak BioMax Light Film (Eastman Kodak 
Company, Rochester, NY) and quantified using a GS-800 calibrated densitometer with 
Quantity One Software (BioRad). cDNA clones were considered differentially expressed 
when blots probed with the subtracted tester repeatedly demonstrated a signal intensity > 1.5-
fold different than blots probed with the subtracted driver. Plasmids containing differentially 
expressed cDNA were purified from bacterial cultures and sequenced by dideoxy chain 
termination using an ABI 3700 DNA Analyzer (Applied Biosystems Inc., Foster City, CA) at 
the Iowa State University DNA sequencing and synthesis facility. DNA-level homology 
searches were conducted using the Basic Local Alignment Search Tool (BLAST) from the 
National Center of Biotechnology Information (NCBI) (3). 
Real-time PCR to analyze differentially expressed genes. Real-time PCR 
technology was used to verify the differential expression of SSH identified clones of interest 
as well as to measure immune marker gene expression (17, 95). Total RNA, isolated from 3 
individual MLN samples of S. Choleraesuis and S. Typhimurium infected pigs at day -3 (S. 
Choleraesuis non-infected controls) or day -2 (S. Typhimurium non-infected controls), 8 h, 
24 h, 48 h, 7 d and 21 d p.i., was reverse transcribed to cDNA using Superscript reverse 
transcriptase (Invitrogen, Carlsbad, CA) and oligo-dT as previously described (18). For 
expression analysis of SSH identified clones, real-time PCR was performed in duplicate for 
each individual pig using lng of cDNA (RNA equivalent)/25 µl reaction/well using the 
SYBR Green PCR master mix (Applied Biosystems, Foster City, CA) and an ABI PRISM 
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7900 Sequence Detection System (Applied Biosystems). Thermal cycling parameters were 
as follows: 95°C for 10 min, 40 cycles at 95°C for 15 sec and 60°C for 1 min. At the 60°C 
step, fluorescent data acquisition was performed. Following PCR cycling, disassociation 
curve analysis was performed at 95°C for 15 sec, 60°C for 15 sec and 95°C for 15 sec; data 
acquisition was performed at the final 60°C -95°C ramp and the final 95°C step. Analysis of 
the disassociation curves (as well as agarose gel electrophoresis) confirmed that fluorescent 
signal was generated only from specific cDNA transcripts. 
For immune gene expression analysis, real-time PCR was performed with 100 ng 
cDNA (RNA equivalent)/25 µl reaction/well using the Stratagene Brilliant kit (La Jolla, CA) 
on an ABI PRISM 7700 Sequence Detector System (Applied Biosystems). Amplification 
conditions were: 50°C for two min; 95°C for 10 min; 40 cycles of 95°C for 15 sec and 60°C 
for 1 min; then 4 °C. All probes and primers for real time TaqMan PCR were designed as 
previously described (17, 95). Gene names and abbreviations are based on the International 
Society for Animal Genetics (ISAG) guidelines, i.e., using the human Official Gene Symbol 
(HGNC) as found at the Entrez Gene website: 
http://www.ncbi.nlm.nih.gov/entrez/ query .fcgi ?db=gene. Relative quantification of 
amplification was evaluated using cycle threshold (Ct) values (17). Fold change in 
expression of the target gene is presented as log 2 of the difference between averaged Ct 
values for the control and infected pigs. 
Statistical analysis. Real-time RT-PCR data (Ct values) for SSH identified 
differentially expressed genes were analyzed using the one-way ANOVA analysis from 
GraphPad InStat software (GraphPad Software Inc, San Diego, CA). Statistical analyses of 
immune marker gene expression data was performed using JMP Software (Cary, NC). The 
effect of Salmonella infection on swine MLN mRNA expression (Ct values) was evaluated 
by one-way ANOVA that compared Ct values obtained for the respective pig samples pre-
and post-infection. Fisher's LSD post-hoc test was applied to assess differences between 
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groups of pigs at different time points post infection. P:S0.05 was considered statistically 
significant for all analyses. 
RESULTS 
Clinical signs of infection and levels of serum interferon-y and tumor necrosis 
factor-a during Salmonella infection. Swine experimentally inoculated with S. 
Choleraesuis and S. Typhimurium were observed for clinical signs of disease. Pigs infected 
with S. Choleraesuis developed clinical signs of the disease manifested by a loss of appetite, 
lethargy and diarrhea at 48 h p.i. that continued until 9 d p.i. The rectal temperature of the 
infected animals peaked at 48 h p.i. (41.6°C ± 0.4) and gradually declined to the temperature 
of the non-infected controls (~39.7°C) by day 8 p.i. S. Choleraesuis was detected in the 
ileocecal lymph nodes at 8 h p.i. (6.42 x 101 CFU/g), peaked at 48 h p.i. (3.02 x 105 CFU/g) 
and declined by 21 d p.i. (2.15 x 103 CFU/g). Clinical disease developed in the S. 
Typhimurium infected pigs with loss of appetite at 24 h p.i. and diarrhea at 48 h p.i. The 
rectal temperature of the infected animals peaked at 24 h p.i. (40.8°C ± 0.15), remained high 
until 48 h p.i. and declined to the levels of the non-infected controls by day 3 p.i. All clinical 
symptoms were resolved by 7 d p.i. S. Typhimurium in the ICLN was detected at 8 h p.i. 
(1.82 x 102 CFU/g), with numbers increasing at 24 h p.i. (7.40 x 104 CFU/g) and declining at 
21 d p.i. (1.55 x 101 CFU/g). In agreement with the clinical manifestation of the 
experimental infection, the serum level of TNF significantly increased at 48 h p.i. in the S. 
Choleraesuis infected pigs, remained significantly elevated until 7 d p.i. and declined 
thereafter (Fig. 1 ). At 7 d p.i., the serum levels of TNF were significantly higher in the S. 
Choleraesuis-infected pigs compared to the S. Typhimurium-infected pigs. The serum levels 
ofIFNG in the S. Choleraesuis-infected swine peaked at 48 h p.i., reaching the level of the 
non-infected controls at 21 d p.i. (Fig. 1 ). In the S. Typhimurium-infected pigs, no 
significant change in serum levels ofTNF and IFNG was detected throughout the 21 day 
study. 
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Suppression Subtractive Hybridization to identify differentially expressed 
porcine genes. To identify and characterize novel differential porcine gene expression in 
response to swine-adapted S. Choleraesuis and generalist S. Typhimurium, the functional 
genomic enrichment procedure, SSH, was employed. The mRNA populations of the MLN 
from S. Choleraesuis-infected and S. Typhimurium-infected pigs at 24 h p.i. were compared 
to identify genes expressed more highly in one population than in the other. Following SSH, 
the forward and reverse subtracted cDNA populations were cloned and a subtracted library 
representing differentially expressed genes was created. Differential cDNA screening by 
Southern hybridization was performed on 192 forward subtracted cDNA clones and 192 
reverse subtracted cDNA clones. The screening revealed 39 cDNA clones enriched from the 
pigs infected with S. Choleraesuis compared to S. Typhimurium, and 44 cDNA clones 
enriched from the pigs infected with S. Typhimurium compared to S. Choleraesuis. DNA 
sequence was determined for the 83 differentially expressed clones. Based on their sequence 
identity with the GenBank database, the identified genes were grouped into various 
categories (Tables 1 and 2). From the cDNA sequences over-represented in the S. 
Choleraesuis-infected pigs, 35 sequences revealed homology with known genes, 3 sequences 
aligned with genes of unknown function and 1 sequence was a novel gene with no homology 
with the GenBank database (Table 1). The cellular roles of the genes involved the following 
functions: cytoskeleton regulation, catalysis, heat shock response, RNA binding, cell 
metabolism, signal transduction, translation and transcription. Seven cDNA sequences were 
duplicates. For the clones over-represented in S. Typhimurium-infected pigs, 32 sequences 
showed identity with known genes, 4 sequences aligned with genes of unknown function and 
8 sequences had no homology in the database (Table 2). The cellular functions of the 
identified genes included immunity, catalysis, signal transduction, transcription, 
reduction/oxidation, calcium ion binding, enzyme activation and also genes encoding cell 
membrane, nuclear and extracellular matrix proteins. Eleven cDNA sequences were 
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duplicates. From the SSH and sequencing data, 10 genes were selected for confirmation by 
real-time PCR due to their potential involvement in the host response to the specific 
Salmonella infections. Of these 10 genes, 3 were enriched from the S. Typhimurium-infected 
pigs (CD47/IAP, CXCLlO, SCARB2) and 7 genes were enriched from the S. Choleraesuis-
infected pigs (ARPC2, CCT7, HSPHl, LCPl, PTMA, SDCBP, VCP). 
Real-time PCR of differentially expressed porcine genes. To analyze the 
expression profiles of the SSH identified genes at various time points spanning from the 
acute phase (8 h) to the chronic phase (21 d) of infection with S. Choleraesuis and S. 
Typhimurium, real-time PCR analysis was performed. Fold change in gene expression was 
quantified based on the Ct values obtained for cDNA transcripts from the non-infected and 
infected porcine MLN (Table 4). Although the fold change in expression of the selected 
genes at 24 h p.i. was quite notable by DNA hybridization in the SSH experiment, real-time 
PCR of the RNA samples from the 24 h time point generally revealed smaller differences in 
gene expression, often becoming significant only at later time points. The obvious 
differences in the fold change of gene expression observed by DNA hybridization as 
compared to real-time PCR is probably due to several technical factors. These include the 
use of subtracted cDNA (a product of SSH) for signal detection and a fold change 
representing the direct comparison of the two infections in SSH by Southern hybridization as 
opposed to the use of RNA for real-time detection of fluorescence signal and a fold change 
representing the difference between non-infected and infected pigs. Although the trend for 
elevated porcine gene expression in the S. Choleraesuis-infected pigs was present for most of 
the selected genes at 24 h p.i., only three genes were significantly up-regulated at this time 
point, HSPHl, SDCBP and VCP. However, a significant increase in swine gene expression 
was observed in the S. Choleraesuis-infected animals compared to S. Typhimurium-infected 
pigs (and the non-infected controls) at many of the 48 h, 7 d and 21 d time points (Fig. 2). 
For example, ARPC2, CCT7, LCPl, SDCBP and VCP exhibited significant up-regulation at 
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48 h, 7 d and 21 d with VCP also induced at 8 h p.i. The expression ofHSPHl was 
significantly induced from 24 h to 21 d p.i. Significant up-regulation of PTMA was detected 
at 8 h, 48 h, 7d and 21d p.i. In addition, expression levels of CCT7, LCPl, SDCBP and 
PTMA were higher in the S. Choleraesuis-infected pigs compared to the S. Typhimurium-
infected pigs at most of the 8 h, 48 h, 7 d and 21 d time points. However, comparing the S. 
Typhimurium-infected pigs to the non-infected controls, CCT7 was induced at 48 hand 21 d, 
SDCBP at 48 h, and LCPl and PTMA were up-regulated at 21 d p.i. Similarly, the induction 
of HSPHl in the S. Typhimurium-infected pigs reached significantly elevated levels at 48 h 
and 21 d p.i., while being expressed at significantly lower levels at 24 h and 48 h compared 
to the S. Choleraesuis-infected pigs. Up-regulation of swine ARPC2 and VCP at 48 h, 7 d 
and 21 d with induction ofVCP also at 8 h p.i. was observed in the S. Typhimurium-infected 
pigs. Even though, the levels of induction were lower in the S. Typhimurium-infected pigs 
compared to the S. Choleraesuis-infected pigs at most time points, only the expression of 
ARPC2 at 7 d and 21 d and VCP at 24 h p.i. was significantly lower. 
For the 3 selected genes with enrichment in the S. Typhimurium-infected pigs at 24 h 
p.i., only CD47/IAP was significantly up-regulated in the Typhimurium-infected pigs 
compared to the S. Choleraesuis-infected pigs at 24 h p.i. (Fig. 3). CD47/IAP and CXCLlO 
exhibited significant induction compared to the non-infected controls at 24 h, 48 h and 7 d 
p.i., with CD4 7 /IAP continuing a significant up-regulation at 21 d p.i. In addition, the 
expression of SCARB reached significant levels of induction at 24 h, 48 h and 21 d p.i. 
However, the expression ofCD47/IAP, CXCLlO and SCARB2 in the S. Choleraesuis-
infected pigs was induced at levels significantly higher than observed in the S. Typhimurium-
infected pigs at 48 h, 7 d and 21 d p.i. 
Porcine immune gene expression in the mesenteric lymph nodes during 
Salmonella infection. Given the observed differences in both the manifested clinical disease 
between S. Choleraesuis- and S. Typhimurium-infected swine, the difference in serum levels 
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ofIFNG and 1NF, as well as differential regulation of SSH identified genes, expression 
profiling of a selected panel of 24 swine immune genes was performed to identify disparities 
in the porcine transcriptional response to the two Salmonella strains. Porcine RNA from 
MLN over the 3 week period of infection was used for expression analysis by real-time PCR 
of swine immune markers including Thl-associated, Th2-associated, innate, inflammatory 
and T-cell regulatory proteins (Table 5 and 6). Infection with S. Choleraesuis induced an 
extended and more intense differential gene expression profile in pigs compared to the S. 
Typhimurium infection (Fig. 4). For both S. Choleraesuis- and S. Typhimurium-infected 
pigs, expression changes in several host immune markers became significant by 24 h p.i., 
indicating that there is an 8-24 h lag time before the host launches an immune response to 
these infections. For the Thl-type immune response, a significant up-regulation oflFNG, 
signal transducer and activator of transcription 1 (STATl), suppressor of cytokine signaling 
1 (SOCSl), indoleamine 2,3-dioxygenaseindo (INDO), interferon regulatory factor 1 (IRFl), 
interleukin-18 (IL-18), MHC class II transactivator (MHC2TA) and 1NF was detected in the 
S. Choleraesuis-infected swine beginning at 8 h (INDO), and continuing at 24 h (IFNG, 
SOCSl, STATl), 48 h (IRFl), 7d (IL-18, MHC2TA) and 21 d (1NF) p.i. with many of the 
expression levels remaining elevated to 21 d p.i. For the S. Typhimurium infection, fewer 
markers ofThl immunity showed significant up-regulation at 24 h (IFNG), 48 h (INDO, 
IRFl, STATl) or 7d (IL12A) p.i., with a decline in expression by 21 d p.i. (Fig. 4). As for 
the Th2-type immune response, the expression of porcine IL-13 and IL-25 remained 
unchanged throughout both the S. Choleraesuis and S. Typhimurium infections; however, the 
expression of IL-4 was significantly down-regulated from 24 h to 21 d p.i in the S. 
Typhimurium-infected pigs. 
The expression of innate and inflammatory genes was transient in the pigs infected 
with S. Typhimurium; this was clearly different from the major changes in gene expression 
induced by S. Choleraesuis. In response to S. Choleraesuis, extended induction of 
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innate/inflammatory porcine genes occurred at 8 h (solute carrier family 11 member 1 
(SLCl lAl)), 24 h (ILlB, IL-6) and 48 h (IL-8, granulocyte-macrophage colony stimulating 
factor 2 (CSF2)), Toll like receptor 4 (TLR4)) p.i. with many genes retaining elevated 
expression until 21 d p.i. Also, S. Choleraesuis infection caused a significant down-
regulation of interferon-a (IFNA) from 48 h to 7 d p.i. During the S. Typhimurium infection, 
while SLCl lAl was up-regulated from 24 h to 21 d p.i., other genes coding for innate 
inflammatory proteins, such as ILlB and IL8, were only briefly induced. Several genes, 
including IL-6, ILlB, CSF2 and TRL4, were down-regulated between the 7 and 21 d 
following inoculation of the pigs with S. Typhimurium infection. Significant changes in 
expression of T cell regulatory genes, such as IL 10 and transforming growth factor ~ 1 
(TGFB 1) were not detected in the S. Typhimurium-infected pigs and only TGFB 1 exhibited a 
2 fold induction at 21 d p.i. with S. Choleraesuis. 
DISCUSSION 
The clearance of intracellular pathogens by the host is primarily accomplished by the 
activation ofThl-mediated immune responses (11, 52, 54, 117, 125). In this study, the up-
regulation of serum IFNG and TNF in swine infected with S. Choleraesuis and S. 
Typhimurium support earlier observations of the involvement of Thl-mediating cytokines in 
the porcine response to Salmonella infection (22, 52, 125). Moreover, the patterns ofIFNG 
and TNF up-regulation throughout the 21 d infection period suggest that the swine immune 
response to the two Salmonella serovars differs. 
To investigate the onset/development of unique swine transcriptional responses to 
infection with host-adapted S. Choleraesuis and generalist S. Typhimurium, SSH was 
performed on mRNA from MLN at 24 h p.i. Based on those results, 10 differentially 
expressed genes were selected for further expression analysis by real-time PCR. In general, a 
common trend in the porcine transcriptional response was observed with the swine 
experimentally inoculated with S. Choleraesuis, with this strain inducing a more intense up-
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regulation of gene expression compared to that seen in the S. Typhimurium-infected pigs. 
Analysis of 7 swine genes identified by SSH as induced in MLN of the S. Choleraesuis-
infected pigs revealed genes involved in active cyotoskeleton regulation (ARPC2, LCPl, 
SDCBP, HSPHl), heat shock response and chaperoning (CCT7, HSPHl, VCP) (Fig. 2). 
Expression of ARPC2, LCPl, SDCBP and HSPHl was significantly induced in the S. 
Choleraesuis-infected pigs at 48 h, 7 d and 21 d p.i., with HSPHl and SDCBP also induced 
at 24 h p.i. and all four genes often exhibiting higher levels of induction in MLN of the S. 
Choleraesuis-infected pigs compared to the S. Typhimurium-infected pigs. SDCBP is a 
multifunctional protein with a role in cytoskeleton regulation, enhancing formation of plasma 
membrane ruffles, lamellipodia and other novel structures (99, 136). SDCBP may be linked 
to the cytoskeleton organization pathways supported by Rho family of GTPases. It is known 
that Salmonella virulence proteins of the Type III Secretion System (TTSS) act on Rae and 
Cdc42 of the Rho family of GTPases to induce cytoskeleton and plasma membrane 
rearrangements, facilitating entry of the pathogen into the host cells (10, 29, 58). Thus, the 
induction of SDCBP may initiate the cytoskeleton rearrangement events that support cellular 
mvas1on. 
A key regulator of actin polymerization in eukaryotic cells is a seven-subunit Arp2/3 
complex (ARPC). Subunit 2 of the ARPC was induced in pigs infected with both Salmonella 
strains by 48 h p.i., with expression levels being significantly higher in the S. Choleraesuis-
infected pigs at 7 d and 21 d p.i. ARPC2 mediated actin-remodeling, characterized by rapid 
actin filament elongation, occurs downstream of signaling by Cdc42 and Rae, the proteins 
manipulated by Salmonella TTSS effectors (33, 37, 77). Indeed, ARPC2 was found to be 
employed by S. Typhimurium to facilitate invasion-associated cytoskeleton and plasma 
membrane rearrangements in the mouse model (15, 116). In our study, the differential 
expression pattern of ARPC2 and SDCBP in the S. Choleraesuis-infected pigs compared to 
the S. Typhimurium-infected pigs correlates with the different M cell invasion pattern 
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demonstrated by the two Salmonella strains ( 69). In a swine ligated ileal loop model, 
multiple S. Choleraesuis organisms invaded M cells, inducing extensive cellular membrane 
rearrangements, whereas only one or two organisms of S. Typhimurium were found per cell. 
Thus, the increased induction of ARPC2 and SDCBP in the S. Choleraesuis-infected pigs 
compared to the S. Typhimurium-infected pigs may account for the more extensive 
cytoskeleton rearrangement by S. Choleraesuis, reflecting an enhanced host-adapted 
mechanism of invasion. A similar expression pattern was exhibited by LCPl, a leukocyte-
specific, actin-bundling protein with greater induction in the S. Choleraesuis-infected pigs 
from 48 h until 21 d p.i. LCPI belongs to the conserved family of actin-crosslinking proteins 
(plastins) and is important in stimulating integrin-mediated leukocyte adhesion and 
activation-dependant rearrangements of actin-cytoskeleton in leucocytes (polymorphonuclear 
neutrophils (PMN), costimulated T cells) (43, 93, 98). In addition, LCPI was found to be 
essential in activating signal transduction in macrophages, as the adhesion-dependent 
respiratory burst of PMN and IL 1 synthesis by macrophages was markedly impaired upon 
disruption of the LCP 1 gene (9). 
HSPHI, a molecular chaperone that is also involved in cytoskeleton 
regulation/protection, exhibited prominent up-regulation in the S. Choleraesuis-infected pigs 
with levels of induction at 24 and 48 h p.i. being significantly higher compared to the S. 
Typhimurium-infected pigs. Functionally associated with the HSP70/HSP40 family of 
proteins, HSPHI is constitutively expressed in most mammalian tissues, can be induced by 
various stressors and, as a molecular chaperone, can prevent thermal aggregation of proteins 
in presence of ADP rather than ATP (40, 66, 129, 130). Interacting with several 
cytoskeleton-associated proteins known to be modulated by Salmonella TTSS effectors (a-
tubulin, cofillin and dynein light chain 2A) (16, 34, 50, 97), HSPHI may play an important 
role in regulating/protecting microfilament structures, intracellular transport and preventing 
disaggregation of microtubules. In all, with its implicated functions in protein chaperoning 
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and protecting functional cytoskeleton integrity, the up-regulation of HSPHl in conjunction 
with other HSPs (HSP70, HSP40 and HSP90 (manuscript in press, Veterinary 
Microbiology)) indicates an important role ofHSPHl and the HSP complexes in swine 
cellular responses, especially during S. Choleraesuis infection. The up-regulation of HSPHl, 
CCT7 (tubulin folding and protection; 60) and VCP (chaperone for selective ubiquitinated 
protein degradation as well as involved in NFKB activation pathway, membrane fusion and 
cell cycle regulation; reviewed in 123) signify the importance of molecular chaperones in 
maintaining cellular structure and enhancing survival under infectious stress conditions 
during swine infection with S. Choleraesuis and, maybe to a lesser extent, S. Typhimurium. 
The production of nuclear protein PTMA was elevated in the S. Choleraesuis-infected 
pigs at 8 h, 48 h, 7 d and 21 d p.i. with levels being significantly higher compared to the S. 
Typhimurium-infected pigs. It was shown that S. Choleraesuis vaccine expressing porcine 
PTMA elicited stronger humoral and cellular immune response in orally immunized mice 
(103). Therefore, induction of PTMA, with its implicated immunomodulatory activity and 
role in chromatin decondensation through interaction with histone Hl (86, 101), may signify 
an increase in the transcription of swine genes stimulated by S. Choleraesuis. 
Genes involved in host immunity (CD47/IAP, CXCLlO) and a membrane 
glycoprotein (SCARB2) were identified by SSH to have an elevated induction in the S. 
Typhimurium-infected pigs compared to the S. Choleraesuis-infected pigs at 24 h p.i. 
Although real-time PCR confirmed the enhanced expression of the three genes in the S. 
Typhimurium-infected pigs at 24 h p.i., all three genes were significantly more up-regulated 
in the S. Choleraesuis-infected pigs from 48 h to 21 d p.i., again illustrating a stronger 
porcine transcriptional response to S. Choleraesuis infection (Fig. 3). The significant up-
regulation of CXCLlO, a potent chemoattractant ofThl-type CD4+ and NK cells (30, 80, 
94), signifies the importance of the chemokine in host defense and agrees with the expression 
pattern revealed in this study for the Thl-type markers (see below) with transient and 
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extensive induction of CXCLlO by S. Typhimurium and S. Choleraesuis, respectively. An 
additional protein involved in the regulation of the host's immune response is CD47/IAP, a 
multispan transmembrane glycoprotein involved in lymphocyte apoptosis, T helper response 
regulation as well as stimulating cell-cell adhesion, an important step in immune cell 
migration (reviewed in 8, 83, 102, 132). CD47/IAP plays a key role in murine resistance to 
Escherichia coli infection by stimulating PMN migration to the site of infection and 
activating antibacterial activity (59). Thus, the induction of CD47/IAP in the Salmonella-
infected swine indicates the importance of neutrophil function in the host innate defense as 
has been suggested previously (118). 
SCARB2 is a membrane glycoprotein and a mediator of both cellular uptake and 
efflux of cholesterol. SCARB2 localizes to caveolae, cholesterol rich plasma membrane 
microdomains implicated in cell signaling, vesicle fusion, and serving as a port of entry for 
many microbes (124). Several intracellular bacteria, including S. Typhimurium, utilize 
caveolae or lipid rafts for entry into cells, and require cholesterol that accumulates at the sites 
of bacterial entry (reviewed in 21, 51). In addition, bacterial entry through caveolae is 
believed to be involved in the mechanizm for avoidance of lysosome-phagosome fusion by S. 
Typhimurium and other pathogens. As the exact role of SCARB2 in relationship to caveolae 
and intracellular infection in unknown, the elevated expression of SCARB2 in swine infected 
with S. Choleraesuis could be viewed with opposite explanations: the cellular uptake function 
of SCARB2 could be up-regulated by Salmonella to enhance invasion of the organism into 
the host's cells, or the efflux function of SCARB2 could be up-regulated by the host to 
combat invasion by the pathogen. 
Specific investigation of the host's immune response was performed using real-time 
PCR and a panel of 24 immune-related genes involved in Thl- and Th2-associated immunity, 
innate and inflammatory responses and T cell regulation. S. Choleraesuis triggered a more 
intense and extended up-regulation of swine immune genes characterized by the induction of 
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strong Thl-mediated (IFNG, INDO, STATl, SOCSl, IRFl) and innate/inflammatory (ILlB, 
IL6, TLR4, SLCl lAl, CSF2) responses. On the other hand, swine inoculated with S. 
Typhimurium demonstrated only a transient up-regulation of the Thl response (IFNG, 
INDO, STATl, IL12, SOCSl, IRFl) and repression ofTh2-mediated and 
innate/inflammatory responses (IL4, IL6, TRL4, CSF2). Furthermore, the transcriptional 
analysis oflFNG and TNF from MLN during both infections mimicked the pattern of the 
IFNG and TNF protein levels in the serum, with S. Choleraesuis inducing higher levels of 
both cytokines in the pigs. A specific difference observed between the two infections was 
the up-regulation oflFNG, a potent inducer of Thl-mediated immunity (7, 110). In the S. 
Choleraesuis-infected pigs, IFNG was significantly up-regulated from 24 h to 21 d p.i., 
whereas S. Typhimurium induced the up-regulation oflFNG at 24 h p.i. only. IFNG is a 
major regulator of several aspects of the immune response, including accelerating the ability 
of macrophages to kill Salmonella by stimulating Salmonella-containing phagosome and 
lysosome fusion (22, 31, 45) as well as inducing efficient antigen presentation and processing 
through the class I and class II major histocompatibility complex (MHC) molecules (7, 38). 
In fact, IFNG has been implicated in host resistance to salmonellosis (5, 27, 31, 49, 78, 85, 
90, 96, 128). The cellular response to IFNG involves ligation oflFNG receptors expressed 
on nearly all cell types, and activation of mainly the Janus tyrosine kinase (Jak)-STAT 
pathways, resulting in tyrosine phosphorylation and activation of STA Tl. Upon migration 
into the nucleus, phosphorylated-STATl mediates transcription oflFNG response genes, 
including genes coding for nitric oxide and respiratory burst proteins as well as cytokines and 
transcription factors (reviewed in 7, 110). Investigators have demonstrated that impaired 
IFNG signaling due to STATl deficiency or mutation results in diminished host immune 
responses and enhanced susceptibility to intracellular bacterial infections (reviewed in 19, 38, 
82). SOCSl is an important negative feed-back regulator of the Jak/STAT pathway 
(reviewed in 48) and stabilizer oflFNG-inducible MHC class II proteins (39). IRFl is a 
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transcriptional activator ofIFNG induced genes (reviewed in 111). Both SOCSl and IRFl 
were transiently induced in the S. Typhimurium-infected pigs but strongly induced in the S. 
Choleraesuis-infected pigs. Furthermore, the expression of CIITA was differentially 
regulated. As demonstrated in the murine infection model with S. Typhimurium, IFNG 
activates macrophages to use an alternative antigen-processing pathway through MHC class I 
molecules for presentation to CDS+ T lymphocytes (63) in addition to the classical antigen 
presentation pathway through MHC class II molecules to CD4+ T cells ( 41 ). An essential 
component ofIFNG-inducible MHC class II antigen presentation is CIITA, a master 
regulator of MHC class II gene transcription (35, 122, 135). In the mouse model, a 
functional CIIT A pathway is crucial in controlling S. Typhimurium (104) and other 
intracellular pathogens (89, 122); yet, several intracellular pathogens have evolved the ability 
to diminish CIITA expression and avoid their presentation to the host immune system (134). 
Interestingly, in our study the expression of CIITA in swine was induced by S. Choleraesuis, 
but not S. Typhimurium, suggesting that S. Typhimurium may employ a method to moderate 
recognition by the swine immune system. Altogether, the transient activation ofIFNG 
signaling (IRFl, IFNG, CIITA, STATl, SOCSl) as well as other Thl markers (IL18, TNF) 
may aid the pig in fighting a S. Typhimurium infection, but not completely clear the 
microorganism; thus providing the opportunity for S. Typhimurium to establish a carrier state 
in the pig. 
The IFNG-inducible, tryptophan catabolic enzyme INDO was up-regulated at 24 h 
and 48 h p.i. in the S. Typhimurium-infected swine and throughout the 21 d infection study in 
the S. Choleraesuis-infected swine. Expressed by different cells in the body including 
immune cells, INDO plays an immuno-protective role and is important in maintaining 
homeostasis of the immune system (46, 68, 112). The induction of INDO results in the rapid 
degradation of tryptophan in mammalian cells, a mechanism proven to be protective against 
infections caused by susceptible pathogens in humans and mouse models, including viruses 
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and intracellular bacteria (Chlamydia, Rickettsia, Mycobacteria, Listeria), group B 
streptococci, parasites (Toxoplasma gondii), as well as Streptococcus suis in pigs (1, 24, 36, 
61, 81, 84). Thus, swine might employ tryptophan depletion to control Salmonella infection, 
especially during infection with host-adapted S. Choleraesuis. INDO activity is 
synergistically enhanced by TNF, a pro-inflammatory cytokine of the Th-1 response axis that 
can stimulate the production of IFNG by NK cells, activate the bactericidal activity of 
macrophages and induce apoptosis (22, 52, 119). TNF was found to be elevated in the S. 
Choleraesuis-infected swine reaching significant levels at 21 d p.i., while the S. 
Typhimurium-infected swine exhibited no significant change in TNF expression. 
IL12 and IL23 are known inducers ofIFNG (55) and play an important role in 
controlling human and mouse infections with Salmonella (Typhimurium, Paratyphi, 
Enteritidis) by suppressing the growth of the bacteria, stimulating IFN G production and 
mediating the immunosuppression of acute inflammation ( 44, 56, 62, 65). According to our 
study, the expression ofIL12 in swine during Salmonella infection differs from that in other 
species (human, mice, bovine) as S. Typhimurium was a weak stimulator of IL12 expression 
(as well as IL23) and S. Choleraesuis down-regulated the expression of IL12A, IL12B and 
IL23. Low expression of porcine IL12 in response to intracellular pathogens (viruses and 
parasites) has previously been observed (67) and porcine lymphoblasts are low responders to 
IL12 and express less IL12RB2 after stimulation (105). It has been proposed that due to the 
low expression ofIL12 in swine, another IFNG-inducing cytokine such as IL18 may play a 
role in inducing the levels of IFNG needed to control intracellular infections in pigs (20). As 
observed in our swine-Salmonella infection, porcine IL 18 was induced by S. Choleraesuis 
but not S. Typhimurium, concurring with the prominent up-regulation of the IFNG signaling 
system in S. Choleraesuis-infected pigs as compared to S. Typhimurium-infected pigs. 
Many of the cytokines that stimulate the development of the Thl response (IFNG, 
IL18, TNF) are potent inhibitors ofTh2-type cytokine production and/or activity (127). The 
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expression of Th2-mediating cytokines IL 13 and IL25 exhibited no change in expression 
during swine infection with either Salmonella strain. IL4, an essential cytokine for Th2 
response development (79), was significantly down-regulated in the S. Typhimurium-
infected pigs but exhibited no change in expression in the S. Choleraesuis-infected pigs. 
Furthermore, only slight gene expression changes occurred for TGFB 1 and IL 10, cytokines 
that influence T helper cell differentiation towards a Th2 subset by antagonizing IFNG 
effects and exhibiting anti-inflammatory functions (57, 73). 
Major differences in the porcine immune response to the two Salmonella strains were 
also observed for the innate and inflammatory response systems. The innate immune system 
uses TLR4 to recognize lipopolysaccharide (LPS), a membrane glycolipid of gram-negative 
bacteria (such as Salmonella), and to initiate proinflammatory signaling. TLR4 activation 
results in induction of type I interferons (IFNA and IFNB) and activation ofNFKB, a 
conserved antimicrobial defense pathway that increases transcription of pro-inflammatory 
cytokines (TNF, ILl, IL8, IL6, etc) (2, 70, 72). Expression ofTRL4 was up-regulated from 
48 h p.i. until the end of the 21 d study in the S. Choleraesuis-infected swine, but was never 
activated and was down regulated at 7 d and 21 d p.i. in the S. Typhimurium-infected swine, 
again suggesting that S. Typhimurium employs a strategy for evasion of swine innate 
immune responses. Similarly, the expression of cytokines whose transcription is supported 
by TLR4 signaling was either also repressed at 7 d and 21 d p.i. or exhibited no significant 
change in the S. Typhimurium-infected swine (IL6, IL8, ILlB, IFNA). It was found that ILl 
can increase resistance of mice to S. Typhimurium (76). In swine, ILl may aid in controlling 
S. Typhimurium ephemerally, as it was induced at 24 hand 48 h p.i. followed by significant 
down-regulation at the later time points. In contrast, S. Choleraesuis triggered strong innate 
immune responses in swine characterized by significant induction of IL 1 B, IL6 and IL8, 
although the expression oflFNA was down-regulated. Exerting potent proapoptotic and 
antiproliferative effects on T cells (reviewed in 113), the down-regulation oflFNA may 
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signify the efforts of the swine immune system to control apoptosis and support the clonal 
expansion of T cells in response to S. Choleraesuis. 
Pro-inflammatory cytokines (ILl, IFNG), other bioactive molecules and stimulation 
by antigen or endotoxin activates immune cells (T cells, monocytes and macrophages) to 
produce CSF2, a potent activator of neutrophil and monocyte-macrophage functions 
including phagocytosis, cell cytotoxicity, cytokine production (TNF and ILl) and enhanced 
MHC class II expression (reviewed in 74). CSF2 was implicated in the resistance of mice to 
infection with S. Typhimurium as it stimulated bacteriocidal and bacteriostatic effect of 
macrophages (75). In our study, CSF2 was down-regulated in the S. Typhimurium-infected 
swine, but was up-regulated from 48 h until 21 d p.i. in the S. Choleraesuis-infected swine, 
indicating that CSF2 may play a role in fighting S. Choleraesuis infections, but not S. 
Typhimurium infections, in pigs. 
A gene that was significantly induced during most of both Salmonella infections was 
SLCl lAl, a phosphoprotein that functions as a divalent cation (Fe2+, Zn2+, Mg2+) efflux 
pump across the membrane of bacteria-containing phagosomes (121, 131). Enhanced 
expression of SLCl lAl in the liver and spleen of pigs as well as other model 
systems/animals experimentally-infected with S. Typhimurium has been reported earlier and 
implicated in the genetic resistance to intracellular bacteria, including Salmonella (6, 53, 64, 
133). Thus our result showing SLCl lAl activation in both infections indicates the immune 
evasion mechanism used by S. Typhimurium, which may involve decreasing TLR4 
expression, does not result in decreasing SLCl lAl activation, which occurs via LPS 
signaling presumably through TLR4 (133). 
In summary, this study was performed to identify and analyze differences in the 
porcine transcriptional response to host-adapted S. Choleraesuis and generalist S. 
Typhimurium over a time course of infection spanning from the acute (8 h) to the chronic 
stage (21 d). SSH and real-time PCR analysis revealed differential gene expression in swine 
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infected with the two Salmonella serovars for genes involved in Thl-mediated and 
innate/inflammatory responses, cytoskeleton regulation and rearrangement, heat shock 
response and chaperoning, as well as apoptosis. Transcriptional profiling of the differentially 
expressed genes indicate that swine initiate a strong transcriptional response to the host-
adapted strain of Salmonella (Choleraesuis) but only a transient induction of swine genes in 
response to S. Typhimurium, suggesting that S. Typhimurium may down-regulate or evade 
the porcine immune system. This strategy may be sufficient for the host to fight the S. 
Typhimurium infection but not eliminate the pathogen, potentially aiding the organism in 
progressing into a carrier state in the pig. 
FIGURE LEGENDS 
FIG. l. Differential expression of swine tumor necrosis factor-a (TNF) and interferon-
"{ (IFNG) during infection with S. Choleraesuis and S. Typhimurium. Serum from control, S. 
Choleraesuis and S. Typhimurium-infected pigs collected at 8 h, 24 h, 48 h, 7 d and 21 d p.i. 
was used in ELISA tests to measure TNF and IFNG protein levels. Results obtained from 
each individual pig at each time point p.i. were averaged and expressed in pg/ml. Statistical 
differences (P<0.05) between control and infected pigs are represented by an asterisk(*) and 
between S. Choleraesuis and S. Typhimurium infected pigs are represented by a number sign 
(#). 
FIG.2. Real-time PCR of cDNA for porcine genes identified by SSH as up-regulated 
at 24 h during infection with S. Choleraesuis as compared to S. Typhimurium. Total RNA 
isolated from the mesenteric lymph nodes of each control, S. Choleraesuis and S. 
Typhimurium-infected pig at 8 h, 24 h, 48 h, 7 d and 21 d p.i. was reverse transcribed to 
cDNA and amplified by real-time PCR. Respective Ct values were obtained from duplicate 
PCRs and averaged for each time point. The results are expressed as the fold change in gene 
expression in the S. Choleraesuis [ ... ]or S. Typhimurium [:::]-infected pigs compared to the 
non-infected controls. Statistical differences (P<0.05) between control and infected pigs are 
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represented by an asterisk (*) and between S. Choleraesuis and S. Typhimurium infected pigs 
are represented by a number sign(#). 
FIG.3. Real-time PCR of cDNA for porcine genes identified by SSH as up-regulated 
at 24 h during infection with S. Typhimurium as compared to S. Choleraesuis. Total RNA 
isolated from the mesenteric lymph nodes of each control, S. Choleraesuis and S. 
Typhimurium-infected pig at 8 h, 24 h, 48 h, 7 d and 21 d p.i. was reverse transcribed to 
cDNA and amplified by real-time PCR. Respective Ct values were obtained from duplicate 
PCRs and averaged for each time point. The results are expressed as the fold change in gene 
expression in the S. Choleraesuis [ ... ]or S. Typhimurium [:::]-infected pigs compared to the 
non-infected controls. Statistical differences (P<0.05) between control and infected pigs are 
represented by an asterisk (*) and between S. Choleraesuis and S. Typhimurium infected pigs 
are represented by a number sign(#). 
FIG.4. Comparison of swine immune marker gene expression in S. Choleraesuis vs. 
S. Typhimurium infected pigs. Total RNA isolated from the mesenteric lymph nodes of 
control, S. Choleraesuis and S. Typhimurium-infected pigs at 8 h, 24 h, 48 h, 7 d and 21 d p.i. 
was reverse transcribed to cDNA and amplified by real-time PCR. Respective Ct values 
were obtained from duplicate PCRs and averaged for each time point. The results are 
expressed as the fold change in gene expression in the S. Choleraesuis or S. Typhimurium-
infected pigs compared to the non-infected controls. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The host response to infection is highly pathogen-specific, thereby providing 
potential targets for diagnostic assays, therapeutic treatments and disease interventions. 
Furthermore, the host response involves differential expression of host-specific genes. To 
identify and characterize alterations in the porcine transcriptome in response to Salmonella, 
functional genomic analyses were performed on swine tissues following experimental 
inoculation of pigs with the host-adapted (Choleraesuis) and generalist (Typhimurium) 
serovars of Salmonella enterica. Suppression subtractive hybridization and real-time PCR 
revealed unique differences in the transcriptional profiles of swine in response to S. 
Choleraesuis and S. Typhimurium. In addition to revealing gene expression differences in 
swine infected with two different strains of Salmonella (host-specificity), the research 
demonstrated alterations in the pig transcriptome over a time course of infection, spanning 
from the acute (8 h) to the chronic (21 d) stages. In general, the gene expression analysis 
revealed that the porcine response to infection with both Salmonella strains was initiated by 
24 h p.i. However, S. Choleraesuis induced a strong transcriptional response in the pig with 
classic inflammatory gene expression, whereas S. Typhimurium induced a mild and transient 
transcriptional response. The molecular dynamics of the porcine response to the two 
Salmonella strains correlated with the difference in clinical manifestation of the disease, as S. 
Choleraesuis caused more severe and prolonged symptoms of clinical disease in the pigs 
compared to S. Typhimurium. Transcriptional profiling of immune-related genes over the 
time-course of infection revealed an intense and extended up-regulation of swine immune 
genes in response to S. Choleraesuis, characterized by the induction of strong Th I-mediated 
and innate/inflammatory responses. On the other hand, a transient up-regulation of the swine 
transcriptional response to S. Typhimurium was demonstrated by an ephemeral Thl response 
and repression of Th2-mediated and innate/inflammatory responses. Furthermore, S. 
Choleraesuis induced higher serum protein levels of IFNG and TNF, mimicking the pattern 
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of transcriptional expression of IFNG and TNF in the mesenteric lymph nodes during both 
infections. In addition to differential regulation of immune-related genes, transcription of 
genes involved in cytoskeleton regulation and rearrangement, heat shock response, 
chaperoning and apoptosis was also altered in swine infected with the two Salmonella strains. 
Again, S. Choleraesuis infection in swine triggered a more intense up-regulation of these 
genes, while infection with S. Typhimurium resulted in only a transient up-regulation or no 
change in gene expression. These investigations suggest that S. Typhimurium may down-
regulate swine immune responses, potentially evading aspects of the host immune system 
and progressing into a carrier state in the animal. 
Further investigations are needed to more precisely determine the functional 
involvement of the genes identified in this study in the porcine response to Salmonella. In 
addition, future studies are being planned to determine the significance of the differentially 
expressed genes in swine resistance to salmonellosis. Interestingly, two of differentially 
expressed genes mapped to QTL sites for controlling mitogen-induced proliferation of whole 
blood cells (SDCBP) and the number of circulating lymphocytes following mixing and 
transport of pigs (CXCLlO) (Kim et al. 2005). Thus, the gene expression results of this study 
has identified genes that may be useful for screening porcine populations for DNA 
polymorphisms associated with disease response, thereby potentially improving pig genetics 
by selecting for disease resistance. 
117 
REFERENCES 
Abe, A., T. Matsuzawa, and A. Kuwae. 2005. Type-III effectors: sophisticated bacterial 
virulence factors.CR Biol 328: 413-28. 
Abreu, M. T., P. Vora, E. Faure, L. S. Thomas, E.T. Arnold, and M. Arditi. 2001. Decreased 
expression of Toll-like receptor-4 and MD-2 correlates with intestinal epithelial cell 
protection against dysregulated proinflammatory gene expression in response to 
bacterial lipopolysaccharide. J Immunol 167: 1609-16. 
Ahmadian, M. R., A. Wittinghofer, and G. Schmidt. 2002. The actin filament architecture: 
tightly regulated by the cells, manipulated by pathogens. International Titisee 
Conference on the actin cytoskeleton: from signalling to bacterial pathogenesis. 
EMBO Rep 3: 214-8. 
Akira, S., and K. Takeda. 2004. Toll-like receptor signalling. Nat Rev Immunol 4: 499-511. 
Akunda, J. K., F. A. Ahrens, and T. T. Kramer. 2001. Evaluation of phagocytosis, 
bactericidal activity, and production of superoxide anion, nitric oxide, and tumor 
necrosis factor-a in Kupffer cells of neonatal pigs. Am J Vet Res 62: 1040-5. 
Althouse, C., S. Patterson, P. Fedorka-Cray, and R. E. Isaacson. 2003. Type 1 fimbriae of 
Salmonella enterica serovar Typhimurium bind to enterocytes and contribute to 
colonization of swine in vivo. Infect Immun 71: 6446-52. 
Amavisit, P., D. Lightfoot, G. F. Browning, and P. F. Markham. 2003. Variation between 
pathogenic serovars within Salmonella pathogenicity islands. J Bacteriol 185: 3624-
35. 
Andrews-Polymenis, H. L., W. Rabsch, S. Porwollik, M. McClelland, C. Rosetti, L. G. 
Adams, and A. J. Baumler. 2004. Host restriction of Salmonella enterica serotype 
Typhimurium pigeon isolates does not correlate with loss of discrete genes. J 
Bacteriol 186: 2619-2628. 
Bao, S., K. W. Beagley, M. P. France, J. Shen, and A. J. Husband. 2000. Interferon-y plays a 
critical role in intestinal immunity against Salmonella Typhimurium infection. 
Immunology 99: 464-72. 
Barrow, P.A., M. B. Huggins, and M.A. Lovell. 1994. Host specificity of Salmonella 
infection in chickens and mice is expressed in vivo primarily at the level of the 
reticuloendothelial system. Infect Immun 62: 4602-10. 
Beaumont, C., J. Protais, F. Pitel, G. Leveque, D. Malo, F. Lantier, F. Plisson-Petit, P. Colin, 
M. Protais, P. Le Roy, J.M. Elsen, D. Milan, I. Lantier, A. Neau, G. Salvat, and A. 
Vignal. 2003. Effect of two candidate genes on the Salmonella carrier state in fowl. 
Poult Sci 82: 721-6. 
Bennouna, S., S. K. Bliss, T. J. Curiel, and E. Y. Denkers. 2003. Cross-talk in the innate 
immune system: neutrophils instruct recruitment and activation of dendritic cells 
during microbial infection. J Immunol 171: 6052-6058. 
Binns, R. M., and R. Pabst. 1994. Lymphoid tissue structure and lymphocyte trafficking in 
the pig. Vet Immunol Immunopathol 43: 79-87. 
Blackwell, J.M., T. Goswami, C. A. Evans, D. Sibthorpe, N. Papo, J. K. White, S. Searle, E. 
N. Miller, C. S. Peacock, H. Mohammed, and M. Ibrahim. 2001. SLCl lAl (formerly 
NRAMPl) and disease resistance. Cell Microbiol 3: 773-84. 
118 
Boehm, U., T. Klamp, M. Groot, and J.C. Howard. 1997. Cellular responses to interferon-y. 
Annu Rev Immunol 15: 749-95. 
Bolton, A. J., M. P. Osborne, T. S. Wallis, and J. Stephen. 1999. Interaction of Salmonella 
Choleraesuis, Salmonella Dublin and Salmonella Typhimurium with porcine and 
bovine terminal ileum in vivo. Microbiology 145: 2431-2441. 
Brumell, J. H., and S. Grinstein. 2004. Salmonella redirects phagosomal maturation. Curr 
Opin Microbiol 7: 78-84. 
Brumell, J. H., 0. Steele-Mortimer, and B. B. Finlay. 1999. Bacterial invasion: Force feeding 
by Salmonella. Curr Biol 9: R277-80. 
Bustin, S. A., V. Benes, T. Nolan, and M. W. Pfaffl. 2005. Quantitative real-time RT-PCR - a 
perspective. J Mol Endocrinol 34: 597-601. 
Cain, R. J., R. D. Hayward, and V. Koronakis. 2004. The target cell plasma membrane is a 
critical interface for Salmonella cell entry effector-host interplay. Mol Microbiol 54: 
887-904. 
Chadfield, M. S., D. J. Brown, S. Aabo, J.P. Christensen, and J.E. Olsen. 2003. Comparison 
of intestinal invasion and macrophage response of Salmonella Gallinarum and other 
host-adapted Salmonella enterica serovars in the avian host. Vet Microbiol 92: 49-64. 
Chamaillard, M., M. Hashimoto, Y. Rorie, J. Masumoto, S. Qiu, L. Saab, Y. Ogura, A. 
Kawasaki, K. Fukase, S. Kusumoto, M.A. Valvano, S. J. Foster, T. W. Mak, G. 
Nunez, and N. Inohara. 2003. An essential role for NODl in host recognition of 
bacterial peptidoglycan containing diaminopimelic acid. Nat Immunol 4: 702-7. 
Chiu, C. H., L. H. Su, and C. Chu. 2004. Salmonella enterica serotype Choleraesuis: 
epidemiology, pathogenesis, clinical disease, and treatment. Clin Microbiol Rev 17: 
311-22. 
Chiu, C.H., P. Tang, C. Chu, S. Hu, Q. Bao, J. Yu, Y. Y. Chou, H. S. Wang, and Y. S. Lee. 
2005. The genome sequence of Salmonella enterica serovar Choleraesuis, a highly 
invasive and resistant zoonotic pathogen. Nucleic Acids Res 33: 1690-8. 
Coe, N. E., and R. L. Wood. 1992. The effect of exposure to a delta cya/delta crp mutant of 
Salmonella Typhimurium on the subsequent colonization of swine by the wild-type 
parent strain. Vet Micro biol 31: 207-20. 
Collazo, C. M., and J.E. Galan. 1997. The invasion-associated type-III protein secretion 
system in Salmonella. Gene 192: 51-9. 
Conner, C. P., D. M. Heithoff, S. M. Julio, R. L. Sinsheimer, and M. J. Mahan. 1998. 
Differential patterns of acquired virulence genes distinguish Salmonella strains. 
PNAS 95: 4641-4645. 
Darwin, K. H., and V. L. Miller. 1999. Molecular basis of the interaction of Salmonella with 
the intestinal mucosa. Clin Microbiol Rev 12: 405-28. 
De Buck, J., F. Van Immerseel, F. Haesebrouck, and R. Ducatelle. 2004. Effect of type 1 
fimbriae of Salmonella enterica serotype Enteritidis on bacteraemia and reproductive 
tract infection in laying hens. Avian Pathol 33: 314-20. 
Decker, T., S. Stockinger, M. Karaghiosoff, M. Muller, and P. Kovarik. 2002. IFNs and 
STATs in innate immunity to microorganisms. J Clin Invest 109: 1271-7. 
del Cacho, E., M. Gallego, A. Sanz, and A. Zapata. 1993. Characterization of distal lymphoid 
nodules in the chicken caecum. Anat Rec 237: 512-7. 
119 
Diatchenko, L., Y.-F. C. Lau, A. P. Campbell, A. Chenchik, F. Moqadam, B. Huang, S. 
Lukyanov, K. Lukyanov, N. Gurskaya, E. D. Sverdlov, and P. D. Siebert. 1996. 
Suppression subtractive hybridization: A method for generating differentially 
regulated or tissue-specific cDNA probes and libraries. PNAS 93: 6025-6030. 
Dorsey, C. W., M. C. Laarakker, A. D. Humphries, E. H. Weening, and A. J. Baumler. 2005. 
Salmonella enterica serotype Typhimurium MisL is an intestinal colonization factor 
that binds fibronectin. Mol Microbiol 57: 196-211. 
Duncan, M. J., J. S. Shin, and S. N. Abraham. 2002. Microbial entry through caveolae: 
variations on a theme. Cell Microbiol 4: 783-91. 
Eckmann, L., and M. F. Kagnoff. 2001. Cytokines in host defense against Salmonella. 
Microbes Infect 3: 1191-200. 
Edwards, R. A., G. J. Olsen, and S. R. Maloy. 2002. Comparative genomics of closely related 
Salmonellae. Trends Microbiol 10: 94-99. 
Etienne-Manneville, S., and A. Hall. 2002. Rho GTPases in cell biology. Nature 420: 629-35. 
Fang, F., and A. Vazquez-Torres. 2002. Salmonella selectively stops traffic. Trends 
Microbiol 10: 391-2. 
Fedorka-Cray, P., L. Kelley, T. Stabel, J. Gray, and J. Laufer. 1995. Alternate routes of 
invasion may affect pathogenesis of Salmonella Typhimurium in swine. Infect 
Immun 63: 2658-2664. 
Fierer, J. 2001. Polymorphonuclear leukocytes and innate immunity to Salmonella infections 
in mice. Microbes Infect 3: 1233-1237. 
Finlay, B. B. 1997. Interactions of enteric pathogens with human epithelial cells. Bacterial 
exploitation of host processes. Adv Exp Med Biol 412: 289-93. 
Finlay, B. B., and S. Falkow. 1989. Salmonella as an intracellular parasite. Mol Microbiol 3: 
1833-41. 
Fluit, A. C. 2005. Towards more virulent and antibiotic-resistant Salmonella. FEMS 
Immunol Med Microbiol 43: 1-11. 
Foster, N., S. D. Hulme, and P.A. Barrow. 2003a. Induction of antimicrobial pathways 
during early-phase immune response to Salmonella spp. in murine macrophages: 
gamma interferon (IFN-y) and upregulation ofIFN-y receptor a expression are 
required for NADPH phagocytic oxidase gp91-stimulated oxidative burst and control 
of virulent Salmonella spp. Infect Immun 71: 4733-41. 
Foster, N., M.A. Lovell, K. L. Marston, S. D. Hulme, A. J. Frost, P. Bland, and P.A. 
Barrow. 2003b. Rapid protection of gnotobiotic pigs against experimental 
salmonellosis following induction of polymorphonuclear leukocytes by avirulent 
Salmonella enterica. Infect Immun 71: 2182-91. 
Frost, A. J., A. P. Bland, and T. S. Wallis. 1997. The early dynamic response of the calf ileal 
epithelium to Salmonella Typhimurium. Vet Pathol 34: 369-86. 
Galan, J.E. 2001. Salmonella interactions with host cells: type III secretion at work. Annu 
Rev Cell Dev Biol 17: 53-86. 
Gasperini, S., M. Marchi, F. Calzetti, C. Laudanna, L. Vicentini, H. Olsen, M. Murphy, F. 
Liao, J. Farber, and M.A. Cassatella. 1999. Gene expression and production of the 
monokine induced by IFN-y (MIG), IFN-inducible T cell a chemoattractant (I-TAC), 
and IFN-y-inducible protein-10 (IP-10) chemokines by human neutrophils. J Immunol 
162: 4928-37. 
120 
Gomez Del Moral, M., J. Fonfria, A. Varas, E. Jimenez, J. Moreno, and A.G. Zapata. 1998. 
Appearance and development of lymphoid cells in the chicken (Gallus gallus) caecal 
tonsil. Anat Rec 250: 182-9. 
Gordon, M.A., D. L. Jack, D. H. Dockrell, M. E. Lee, and R. C. Read. 2005. Gamma 
interferon enhances internalization and early nonoxidative killing of Salmonella 
enterica serovar Typhimurium by human macrophages and modifies cytokine 
responses. Infect Immun 73: 3445-52. 
Gorvel, J.P., and S. Meresse. 2001. Maturation steps of the Salmonella-containing vacuole. 
Microbes Infect 3: 1299-303. 
Gray, J. T., P. J. Fedorka-Cray, T. J. Stabel, and M. R. Ackermann. 1995. Influence of 
inoculation route on the carrier state of Salmonella Choleraesuis in swine. Vet 
Microbiol 47: 43-59. 
Gray, J. T., P. J. Fedorka-Cray, T. J. Stabel, and T. T. Kramer. 1996. Natural transmission of 
Salmonella Choleraesuis in swine. Appl Environ Microbiol 62: 141-6. 
Groisman, E. A., and H. Ochman. 1996. Pathogenicity islands: bacterial evolution in 
quantum leaps. Cell 87: 791-4. 
Gruenheid, S., and B. B. Finlay. 2003. Microbial pathogenesis and cytoskeletal function. 
Nature 422: 775-81. 
Guiney, D. G., F. C. Fang, M. Krause, S. Libby, N. A. Buchmeier, and J. Fierer. 1995a. 
Biology and clinical significance of virulence plasmids in Salmonella serovars. Clin 
Infect Dis 21 Suppl 2: S146-51. 
Guiney, D. G., S. Libby, F. C. Fang, M. Krause, and J. Fierer. 1995b. Growth-phase 
regulation of plasmid virulence genes in Salmonella. Trends Microbiol 3: 275-9. 
Gulig, P.A., and R. Curtiss, 3rd. 1987. Plasmid-associated virulence of Salmonella 
Typhimurium. Infect Immun 55: 2891-901. 
Hansen-Wester, I., and M. Hensel. 2002. Genome-Based Identification of Chromosomal 
Regions Specific for Salmonella spp. Infect Immun 70: 2351-2360. 
Harris, J., D. Werling, J.C. Hope, G. Taylor, and C. J. Howard. 2002. Caveolae and caveolin 
in immune cells: distribution and functions. Trends Immunol 23: 158-64. 
Hayward, R. D., and V. Koronakis. 2002. Direct modulation of the host cell cytoskeleton by 
Salmonella actin-binding proteins. Trends Cell Biol 12: 15-20. 
Hendriksen, S. W., K. Orsel, J. A. Wagenaar, A. Miko, and E. van Duijkeren. 2004. Animal-
to-human transmission of Salmonella Typhimurium DT104A variant. Emerg Infect 
Dis 10: 2225-7. 
Hensel, M. 2004. Evolution of pathogenicity islands of Salmonella enterica. Int J Med 
Microbiol 294: 95-102. 
Hershberg, R. M. 2002. The epithelial cell cytoskeleton and intracellular trafficking. V. 
Polarized compartmentalization of antigen processing and Toll-like receptor signaling 
in intestinal epithelial cells. Am J Physiol Gastrointest Liver Physiol 283: G833-9. 
Hiemstra, P. S., M. T. van den Barselaar, M. Roest, P.H. Nibbering, and R. van Furth. 1999. 
Ubiquicidin, a novel murine microbicidal protein present in the cytosolic fraction of 
macrophages. J Leukoc Biol 66: 423-8. 
Holden, D. W. 2002. Trafficking of the Salmonella vacuole in macrophages. Traffic 3: 161-
9. 
121 
Horter, D. C., K. J. Yoon, and J. J. Zimmerman. 2003. A review of porcine tonsils in 
immunity and disease. Anim Health Res Rev 4: 143-55. 
Hu, X., C. Herrero, W. P. Li, T. T. Antoniv, E. Falck-Pedersen, A. E. Koch, J.M. Woods, G. 
K. Haines, and L.B. Ivashkiv. 2002. Sensitization ofIFN-y Jak-STAT signaling 
during macrophage activation. Nat Immunol 3: 859-66. 
Hueffer, K., and J.E. Galan. 2004. Salmonella-induced macrophage death: multiple 
mechanisms, different outcomes. Cell Microbiol 6: 1019-25. 
Humphrey, T. 2004. Salmonella, stress responses and food safety. Nat Rev Microbiol 2: 504-
9. 
Humphries, A. D., S. M. Townsend, R. A. Kingsley, T. L. Nicholson, R. M. Tsolis, and A. J. 
Baumler. 2001. Role of fimbriae as antigens and intestinal colonization factors of 
Salmonella serovars. FEMS Microbiol Lett 201: 121-5. 
Janeway, C. A., Jr., and R. Medzhitov. 2002. Innate immune recognition. Annu Rev 
Immunol 20: 197-216. 
Jarvelainen, H. A., A. Galmiche, and A. Zychlinsky. 2003. Caspase-1 activation by 
Salmonella. Trends Cell Biol 13: 204-9. 
Jepson, M.A., and M.A. Clark. 2001. The role of M cells in Salmonella infection. Microbes 
Infect 3: 1183-90. 
Jones, B. D., and S. Falkow. 1996. Salmonellosis: host immune responses and bacterial 
virulence determinants. Annu Rev Immunol 14: 533-61. 
Jones, B. D., N. Ghori, and S. Falkow. 1994. Salmonella Typhimurium initiates murine 
infection by penetrating and destroying the specialized epithelial M cells of the 
Peyer's patches. J Exp Med 180: 15-23. 
Joumet, L., K. T. Hughes, and G. R. Comelis. 2005. Type III secretion: a secretory pathway 
serving both motility and virulence. Mol Membr Biol 22: 41-50. 
Jung, H. C., L. Eckmann, S. K. Yang, A. Panja, J. Fierer, E. Morzycka-Wroblewska, and M. 
F. Kagnoff. 1995. A distinct array of proinflammatory cytokines is expressed in 
human colon epithelial cells in response to bacterial invasion. J Clin Invest 95: 55-65. 
Kagaya, K., K. Watanabe, and Y. Fukazawa. 1989. Capacity ofrecombinant gamma 
interferon to activate macrophages for Salmonella-killing activity. Infect Immun 57: 
609-15. 
Kaiser, M. G., and S. J. Lamont. 2001. Genetic line differences in survival and pathogen load 
in young layer chicks after Salmonella enterica serovar Enteritidis exposure. Poult 
Sci 80: 1105-8. 
Kaiser, P., L. Rothwell, E. E. Galyov, P.A. Barrow, J. Burnside, and P. Wigley. 2000. 
Differential cytokine expression in avian cells in response to invasion by Salmonella 
Typhimurium, Salmonella Enteritidis and Salmonella Gallinarum. Microbiology 146 
Pt 12: 3217-26. 
Kim, J. W., S. H. Zhao, J. J. Uthe, S. M. Bearson, and C. K. Tuggle. 2005. Physical mapping 
of eight pig genes whose expression level is acutely affected by Salmonella 
challenge. Anim Genet 36: 359-62. 
Kimbrough, T. G., and S. I. Miller. 2002. Assembly of the type III secretion needle complex 
of Salmonella Typhimurium. Microbes Infect 4: 75-82. 
Kingsley, R. A., and A. J. Baumler. 2000. Host adaptation and the emergence of infectious 
disease: the Salmonella paradigm. Mol Microbiol 36: 1006-14. 
122 
Kirby, A. C., U. Yrlid, and M. J. Wick. 2002. The innate immune response differs in primary 
and secondary Salmonella infection. J Immunol 169: 4450-4459. 
Kitagawa, H., Y. Hiratsuka, T. Imagawa, and M. Uehara. 1998. Distribution oflymphoid 
tissue in the caecal mucosa of chickens. J Anat 192: 293-8. 
Kramer, J., M. Malek, and S. J. Lamont. 2003. Association of twelve candidate gene 
polymorphisms and response to challenge with Salmonella Enteritidis in poultry. 
Anim Genet 34: 339-48. 
Knodler, L.A., and 0. Steele-Mortimer. 2003. Taking possession: biogenesis of the 
Salmonella-containing vacuole. Traffic 4: 587-99. 
Knodler, L.A., J. Celli, W. D. Hardt, B. A. Vallance, C. Yip, and B. B. Finlay. 2002. 
Salmonella effectors within a single pathogenicity island are differentially expressed 
and translocated by separate type III secretion systems. Mol Microbiol 43: 1089-103. 
Kogut, M. H., L. Rothwell, and P. Kaiser. 2005. IFN-y priming of chicken heterophils 
upregulates the expression of proinflammatory and Thl cytokine mRNA following 
receptor-mediated phagocytosis of Salmonella enterica serovar Enteritidis. J 
Interferon Cytokine Res 25: 73-81. 
Lalmanach, A. C., and F. Lantier. 1999. Host cytokine response and resistance to Salmonella 
infection. Microbes Infect 1: 719-26. 
Lalmanach, A. C., A. Montagne, P. Menanteau, and F. Lantier. 2001. Effect of the mouse 
Nrampl genotype on the expression oflFN-y gene in early response to Salmonella 
infection. Microbes Infect 3: 639-44. 
Lamont, S. J., M. G. Kaiser, and W. Liu. 2002. Candidate genes for resistance to Salmonella 
Enteritidis colonization in chickens as detected in a novel genetic cross. Vet Immunol 
Immunopathol 87: 423-8. 
Lam-Yuk-Tseung, S., and P. Gros. 2003. Genetic control of susceptibility to bacterial 
infections in mouse models. Cell Microbiol 5: 299-313. 
Lindberg, A. A., and J. A. Robertsson. 1983. Salmonella Typhimurium infection in calves: 
cell-mediated and humoral immune reactions before and after challenge with live 
virulent bacteria in calves given live or inactivated vaccines. Infect Immun 41: 751-7. 
Linehan, S. A., and D. W. Holden. 2003. The interplay between Salmonella Typhimurium 
and its macrophage host-what can it teach us about innate immunity. Immunol Lett 
85: 183-92. 
Liu, S.-L., and K. E. Sanderson. 1998. Homologous recombination between rrn operons 
rearranges the chromosome in host-specialized species of Salmonella. FEMS 
Microbiol Lett 164: 275-281. 
Lopez-Boado, Y. S., M. Espinola, S. Bahr, and A. Belaaouaj. 2004. Neutrophil serine 
proteinases cleave bacterial flagellin, abrogating its host response-inducing activity. J 
Immunol 172: 509-515. 
Lukinmaa, S., U. M. Nakari, M. Eklund, and A. Siitonen. 2004. Application of molecular 
genetic methods in diagnostics and epidemiology of food-borne bacterial pathogens. 
Apmis 112: 908-29. 
Macnab, R. M. 2003. How bacteria assemble flagella. Annu Rev Microbiol 57: 77-100. 
Macnab, R. M. 2004. Type III flagellar protein export and flagellar assembly. Biochim 
Biophys Acta 1694: 207-17. 
123 
Mao, Y., C. Zhu, and E. C. Boedeker. 2003. Foodbome enteric infections. Curr Opin 
Gastroenterol 19: 11-22. 
Marcus, S. L., J. H. Brumell, C. G. Pfeifer, and B. B. Finlay. 2000. Salmonella pathogenicity 
islands: big virulence in small packages. Microbes Infect 2: 145-56. 
Marg, H., H. C. Scholz, T. Arnold, U. Rosier, and A. Hensel. 2001. Influence oflong-time 
transportation stress on re-activation of Salmonella typhimurium DT104 in 
experimentally infected pigs. Berl Munch Tierarztl Wochenschr 114: 385-8. 
Mastroeni, P., and N. Menager. 2003. Development of acquired immunity to Salmonella. J 
Med Microbiol 52: 453-9. 
Mastroeni, P., and M. Sheppard. 2004. Salmonella infections in the mouse model: host 
resistance factors and in vivo dynamics of bacterial spread and distribution in the 
tissues. Microbes Infect 6: 398-405. 
Mastroeni, P., B. Villarreal-Ramos, and C. E. Hormaeche. 1993. Adoptive transfer of 
immunity to oral challenge with virulent Salmonellae in innately susceptible BALB/c 
mice requires both immune serum and T cells. Infect Immun 61: 3981-4. 
Mavris, M., and P. Sansonetti. 2004. Microbial-gut interactions in health and disease. 
Epithelial cell responses. Best Pract Res Clin Gastroenterol 18: 373-86. 
McClelland, M., K. E. Sanderson, J. Spieth, S. W. Clifton, P. Latreille, L. Courtney, S. 
Porwollik, J. Ali, M. Dante, F. Du, S. Hou, D. Layman, S. Leonard, C. Nguyen, K. 
Scott, A. Holmes, N. Grewal, E. Mulvaney, E. Ryan, H. Sun, L. Florea, W. Miller, T. 
Stoneking, M. Nhan, R. Waterston, and R. K. Wilson. 2001. Complete genome 
sequence of Salmonella enterica serovar Typhimurium LT2. Nature 413: 852-856. 
McClelland, M., K. E. Sanderson, S. W. Clifton, P. Latreille, S. Porwollik, A. Sabo, R. 
Meyer, T. Bieri, P. Ozersky, M. McLellan, C.R. Harkins, C. Wang, C. Nguyen, A. 
Berghoff, G. Elliott, S. Kohlberg, C. Strong, F. Du, J. Carter, C. Kremizki, D. 
Layman, S. Leonard, H. Sun, L. Fulton, W. Nash, T. Miner, P. Minx, K. Delehaunty, 
C. Fronick, V. Magrini, M. Nhan, W. Warren, L. Florea, J. Spieth, and R. K. Wilson. 
2004. Comparison of genome degradation in Paratyphi A and Typhi, human-
restricted serovars of Salmonella enterica that cause typhoid. Nat Genet 36: 1268-74. 
McDonald, W. H., and J. R. Yates III. 2000. Proteomic tools for cell biology. Traffic 1: 747-
754. 
McSorley, S. J., and M. K. Jenkins. 2000. Antibody is required for protection against virulent 
but not attenuated Salmonella enterica serovar Typhimurium. Infect Immun 68: 
3344-3348. 
Medzhitov, R., and C. Janeway, Jr. 2000. Innate immunity. N Engl J Med 343: 338-44. 
Mermin, J., L. Hutwagner, D. Vugia, S. Shallow, P. Daily, J. Bender, J. Koehler, R. Marcus, 
and F. J. Angulo. 2004. Reptiles, amphibians, and human Salmonella infection: a 
population-based, case-control study. Clin Infect Dis 38 Suppl 3: S253-61. 
Meyerholz, D. K., and T. J. Stabel. 2003. Comparison of early ileal invasion by Salmonella 
enterica serovars Choleraesuis and Typhimurium. Vet Pathol 40: 371-5. 
Meyerholz, D. K., T. J. Stabel, and N. F. Cheville. 2002. Segmented filamentous bacteria 
interact with intraepithelial mononuclear cells. Infect Immun 70: 3277-80. 
Mittrucker, H.-W., B. Raupach, A. Kohler, and S. H. E. Kaufmann. 2000a. Cutting edge: role 
of B lymphocytes in protective immunity against Salmonella Typhimurium infection. 
J Immunol 164: 1648-1652. 
124 
Mittrucker, H. W., and S. H. Kaufmann. 2000b. Immune response to infection with 
Salmonella Typhimurium in mice. J Leukoc Biol 67: 457-63. 
Miyake, K. 2004. Innate recognition oflipopolysaccharide by Toll-like receptor 4-MD-2. 
Trends Microbiol 12: 186-92. 
Monack, D. M., W.W. Navarre, and S. Falkow. 2001. Salmonella-induced macrophage 
death: the role of caspase-1 in death and inflammation. Microbes Infect 3: 1201-12. 
Montagne, A., P. Menanteau, R. Boivin, S. Bernard, F. Lantier, and A.-C. Lalmanach. 2001. 
Cytokine gene expression in lymph node and spleen of sheep in response to 
Salmonella infection by two serotypes displaying different host specificity. Vet 
Immunol Immunopathol 82: 257-272. 
Monteoliva, L., and J.P. Albar. 2004. Differential proteomics: an overview of gel and non-
gel based approaches. BriefFunct Genomic Proteomic 3: 220-39. 
Morgan, E., J. D. Campbell, S. C. Rowe, J. Bispham, M. P. Stevens, A. J. Bowen, P.A. 
Barrow, D. J. Maskell, and T. S. Wallis. 2004. Identification of host-specific 
colonization factors of Salmonella enterica serovar Typhimurium. Mol Microbiol 54: 
994-1010. 
Mowat, A. M. 2003. Anatomical basis of tolerance and immunity to intestinal antigens. Nat 
Rev Immunol 3: 331-41. 
Nauciel, C., and F. Espinasse-Maes. 1992. Role of gamma interferon and tumor necrosis 
factor a in resistance to Salmonella Typhimurium infection. Infect Immun 60: 450-4. 
Newberry, R. D., and R. G. Lorenz. 2005. Organizing a mucosal defense. Immunol Rev 206: 
6-21. 
Nielsen, B., D. Baggesen, F. Bager, J. Haugegaard, and P. Lind. 1995. The serological 
response to Salmonella serovars Typhimurium and infantis in experimentally infected 
pigs. The time course followed with an indirect anti-LPS ELISA and bacteriological 
examinations. Vet Microbiol 47: 205-18. 
Nnalue, N. A., A. Shnyra, K. Hultenby, and A. A. Lindberg. 1992. Salmonella Choleraesuis 
and Salmonella Typhimurium associated with liver cells after intravenous inoculation 
of rats are localized mainly in Kupffer cells and multiply intracellularly. Infect 
Immun 60: 2758-68. 
Ohl, M. E., and S. I. Miller. 2001. Salmonella: a model for bacterial pathogenesis. Annu Rev 
Med 52: 259-74. 
O'Shea, J. J., M. Gadina, and R. D. Schreiber. 2002. Cytokine signaling in 2002: new 
surprises in the Jak/Stat pathway. Cell 109 Suppl: S121-3 l. 
Pang, T., Z. A. Bhutta, B. B. Finlay, and M. Altwegg. 1995. Typhoid fever and other 
salmonellosis: a continuing challenge. Trends Microbiol 3: 253-5. 
Papa, S., F. Zazzeroni, C. G. Pham, C. Bubici, and G. Franzoso. 2004. Linking JNK 
signaling to NF-kappaB: a key to survival. J Cell Sci 117: 5197-208. 
Parker, G. A., and C. A. Picut. 2005. Liver immunobiology. Toxicol Pathol 33: 52-62. 
Parkhill, J., G. Dougan, K. D. James, N. R. Thomson, D. Pickard, J. Wain, C. Churcher, K. 
L. Mungall, S. D. Bentley, M. T. G. Holden, M. Sebaihia, S. Baker, D. Basham, K. 
Brooks, T. Chillingworth, P. Connerton, A. Cronin, P. Davis, R. M. Davies, L. Dowd, 
N. White, J. Farrar, T. Feltwell, N. Hamlin, A. Haque, T. T. Hien, S. Holroyd, K. 
Jagels, A. Krogh, T. S. Larsen, S. Leather, S. Moule, P. O'Gaora, C. Parry, M. Quail, 
K. Rutherford, M. Simmonds, J. Skelton, K. Stevens, S. Whitehead, and B. G. 
125 
Barrell. 2001. Complete genome sequence of a multiple drug resistant Salmonella 
enterica serovar Typhi CT18. Nature 413: 848-852. 
Parry, C. M., T. T. Hien, G. Dougan, N. J. White, and J. J. Farrar. 2002. Typhoid fever. N 
Engl J Med 347: 1770-82. 
Pascopella, L., B. Raupach, N. Ghori, D. Monack, S. Falkow, and P. Small. 1995. Host 
restriction phenotypes of Salmonella Typhi and Salmonella Gallinarum. Infect 
Immun 63: 4329-4335. 
Pasmans, F., F. Van Immerseel, M. Heyndrickx, A. Martel, C. Godard, C. Wildemauwe, R. 
Ducatelle, and F. Haesebrouck. 2003. Host adaptation of pigeon isolates of 
Salmonella enterica subsp. enterica serovar Typhimurium variant Copenhagen phage 
type 99 is associated with enhanced macrophage cytotoxicity. Infect Immun 71: 
6068-6074. 
Patel, J.C., and J.E. Galan. 2005. Manipulation of the host actin cytoskeleton by 
Salmonella-all in the name of entry. Curr Opin Microbiol 8: 10-5. 
Paulin, S. M., P.R. Watson, A. R. Benmore, M. P. Stevens, P. W. Jones, B. Villarreal-
Ramos, and T. S. Wallis. 2002. Analysis of Salmonella enterica serotype-host 
specificity in calves: avirulence of S. enterica serotype Gallinarum correlates with 
bacterial dissemination from mesenteric lymph nodes and persistence in vivo. Infect 
Immun 70: 6788-6797. 
Pestka, S., C. D. Krause, D. Sarkar, M. R. Walter, Y. Shi, and P. B. Fisher. 2004. Interleukin-
10 and related cytokines and receptors. Annu Rev Immunol 22: 929-79. 
Pie, S., P. Truffa-Bachi, M. Pla, and C. Nauciel. 1997. Thl response in Salmonella 
Typhimurium-infected mice with a high or low rate of bacterial clearance. Infect 
Immun 65: 4509-14. 
Pier, G. B., M. Grout, T. Zaidi, G. Meluleni, S.S. Mueschenbom, G. Banting, R. Ratcliff, M. 
J. Evans, and W. H. Colledge. 1998. Salmonella Typhi uses CFTR to enter intestinal 
epithelial cells. Nature 393: 79-82. 
Pietila, T. E., V. Veckman, P. Kyllonen, K. Lahteenmaki, T. K. Korhonen, and I. Julkunen. 
2005. Activation, cytokine production, and intracellular survival of bacteria in 
Salmonella-infected human monocyte-derived macrophages and dendritic cells. J 
Leukoc Biol 78: 909-20. 
Porwollik, S., and M. McClelland. 2003. Lateral gene transfer in Salmonella. Microbes Infect 
5: 977-989. 
Pospischil, A., R. L. Wood, and T. D. Anderson. 1990. Peroxidase-antiperoxidase and 
immunogold labeling of Salmonella Typhimurium and Salmonella Choleraesuis var 
kunzendorf in tissues of experimentally infected swine. Am J Vet Res 51: 619-24. 
Pritts, T., E. Hungness, Q. Wang, B. Robb, D. Hershko, and P. 0. Hasselgren. 2002. Mucosal 
and enterocyte IL-6 production during sepsis and endotoxemia-role of transcription 
factors and regulation by the stress response. Am J Surg 183: 372-83. 
Qimron, U., N. Madar, H.-W. Mittrucker, A. Zilka, I. Yosef, N. Bloushtain, S. H. E. 
Kaufmann, I. Rosenshine, R. N. Apte, and A. Porgador. 2004. Identification of 
Salmonella Typhimurium genes responsible for interference with peptide presentation 
on MHC class I molecules: ye} Salmonella mutants induce superior CD8+ T-cell 
responses. Cell Microbiol 6: 1057-1070. 
126 
Rabsch, W., H. L. Andrews, R. A. Kingsley, R. Prager, H. Tschape, L. G. Adams, and A. J. 
Baumler. 2002. Salmonella enterica serotype Typhimurium and its host-adapted 
variants. Infect Immun 70: 2249-55. 
Raffatellu, M., R. P. Wilson, D. Chessa, H. Andrews-Polymenis, Q.T. Tran, S. Lawhon, S. 
Khare, L. G. Adams, and A. J. Baumler. 2005. SipA, SopA, SopB, SopD, and SopE2 
contribute to Salmonella enterica serotype Typhimurium invasion of epithelial cells. 
Infect Immun 73: 146-54. 
Ravindran, R., and S. J. McSorley. 2005. Tracking the dynamics ofT-cell activation in 
response to Salmonella infection. Immunology 114: 450-8. 
Rescigno, M., M. Urbano, B. Valzasina, M. Francolini, G. Rotta, R. Bonasio, F. Granucci, J. 
P. Kraehenbuhl, and P. Ricciardi-Castagnoli. 2001. Dendritic cells express tight 
junction proteins and penetrate gut epithelial monolayers to sample bacteria. Nat 
Immunol 2: 361-7. 
Rhee, S. J., W. A. Walker, and B. J. Cherayil. 2005. Developmentally regulated intestinal 
expression ofIFN-y and its target genes and the age-specific response to enteric 
Salmonella infection. J Immunol 175: 1127-36. 
Riber, U., and P. Lind. 1999. Interaction between Salmonella Typhimurium and phagocytic 
cells in pigs. Phagocytosis, oxidative burst and killing in polymorphonuclear 
leukocytes and monocytes. Vet Immunol Immunopathol 67: 259-70. 
Roof, M. B., and T. T. Kramer. 1989. Porcine neutrophil function in the presence of virulent 
and avirulent Salmonella Choleraesuis. Vet Immunol Immunopathol 23: 365-76. 
Roos, D., R. van Bruggen, and C. Meischl. 2003. Oxidative killing of microbes by 
neutrophils. Microbes Infect 5: 1307-1315. 
Rosenberger, C. M., M. G. Scott, M. R. Gold, R. E. Hancock, and B. B. Finlay. 2000a. 
Salmonella Typhimurium infection and lipopolysaccharide stimulation induce similar 
changes in macrophage gene expression. J Immunol 164: 5894-904. 
Rosenberger, C. M., J. H. Brumell, and B. B. Finlay. 2000b. Microbial pathogenesis: lipid 
rafts as pathogen portals. Curr Biol 10: R823-5. 
Saarinen, M., P. Ekman, M. Ikeda, M. Virtala, A. Gronberg, D. T. Yu, H. Arvilommi, and K. 
Granfors. 2002. Invasion of Salmonella into human intestinal epithelial cells is 
modulated by HLA-B27. Rheumatol (Oxford) 41: 651-7. 
Sadeyen, J. R., J. Trotereau, P. Velge, J. Marly, C. Beaumont, P.A. Barrow, N. Bumstead, 
and A. C. Lalmanach. 2004. Salmonella carrier state in chicken: comparison of 
expression of immune response genes between susceptible and resistant animals. 
Microbes Infect 6: 1278-86. 
Santos, R. L., and A. J. Baumler. 2004. Cell tropism of Salmonella enterica. Int J Med 
Microbiol 294: 225-33. 
Santos, R. L., S. Zhang, R. M. Tsolis, A. J. Baumler, and L. G. Adams. 2002. Morphologic 
and molecular characterization of Salmonella Typhimurium infection in neonatal 
calves. Vet Pathol 39: 200-15. 
Schena, M., D. Shalon, R. W. Davis, and P. 0. Brown. 1995. Quantitative monitoring of 
gene expression patterns with a complementary DNA microarray. Science 270: 467-
70. 
127 
Schwan, W.R., X. Z. Huang, L. Hu, and D. J. Kopecko. 2000. Differential bacterial survival, 
replication, and apoptosis-inducing ability of Salmonella serovars within human and 
murine macrophages. Infect Immun 68: 1005-13. 
Schwartz, K. 1999. Salmonellosis. Iowa State University Press, Ames. 
Segal, A. W. 2005. How neutrophils kill microbes. Ann Rev Immunol 23: 197-223. 
Smith, B. P., F. Habasha, M. Reina-Guerra, and A. J. Hardy. 1979. Bovine salmonellosis: 
experimental production and characterization of the disease in calves, using oral 
challenge with Salmonella Typhimurium. Am J Vet Res 40: 1510-3. 
Soto, G. E., and S. J. Hultgren. 1999. Bacterial adhesins: common themes and variations in 
architecture and assembly. J Bacteriol 181: 1059-71. 
Stabel, T. J., P. J. Fedorka-Cray, and J. T. Gray. 2002. Neutrophil phagocytosis following 
inoculation of Salmonella Choleraesuis into swine. Vet Res Commun 26: 103-109. 
Stark, G. R., I. M. Kerr, B. R. Williams, R.H. Silverman, and R. D. Schreiber. 1998. How 
cells respond to interferons. Annu Rev Biochem 67: 227-64. 
Stephenson, K. 2005. Sec-dependent protein translocation across biological membranes: 
evolutionary conservation of an essential protein transport pathway. Mol Membr Biol 
22: 17-28. 
Strieter, R. M., J. A. Belperio, and M. P. Keane. 2002. Cytokines in innate host defense in the 
lung. J Clin Invest 109: 699-705. 
Sundquist, M., A. Rydstrom, and M. J. Wick. 2004. Immunity to Salmonella from a dendritic 
point of view. Cell Microbiol 6: 1-11. 
Swaggerty, C. L., M. H. Kogut, P. J. Ferro, L. Rothwell, I. Y. Pevzner, and P. Kaiser. 2004. 
Differential cytokine mRNA expression in heterophils isolated from Salmonella-
resistant and -susceptible chickens. Immunology 113: 139-48. 
Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu Rev Immunol 21: 335-
76. 
Thankavel, K., A.H. Shah, M. S. Cohen, T. Ikeda, R. G. Lorenz, R. Curtiss, 3rd, and S. N. 
Abraham. 1999. Molecular basis for the enterocyte tropism exhibited by Salmonella 
Typhimurium type 1 fimbriae. J Biol Chem 274: 5797-809. 
Thoms, C. J. 2000. Bacterial food-borne zoonoses. Rev Sci Tech 19: 226-39. 
Tindall, B. J., P.A. Grimont, G. M. Garrity, and J.P. Euzeby. 2005. Nomenclature and 
taxonomy of the genus Salmonella. Int J Syst Evol Microbial 55: 521-4. 
Tobar, J. A., P.A. Gonzalez, and A. M. Kalergis. 2004. Salmonella escape from antigen 
presentation can be overcome by targeting bacteria to Fc-y receptors on dendritic 
cells. J Immunol 173: 4058-4065. 
Townsend, S. M., N. E. Kramer, R. Edwards, S. Baker, N. Hamlin, M. Simmonds, K. 
Stevens, S. Maloy, J. Parkhill, G. Dougan, and A. J. Baumler. 2001. Salmonella 
enterica serovar Typhi possesses a unique repertoire of fimbrial gene sequences. 
Infect Immun 69: 2894-901. 
Trebichavsky, I., V. Dlabac, Z. Rehakova, M. Zahradnickova, and I. Splichal. 1997. Cellular 
changes and cytokine expression in the ilea of gnotobiotic piglets resulting from 
peroral Salmonella Typhimurium challenge. Infect Immun 65: 5244-9. 
Triantafilou, K., M. Triantafilou, and R. L. Dedrick. 2001. A CD14-independent LPS 
receptor cluster. Nat Immunol 2: 338-45. 
128 
Triantafilou, M., and K. Triantafilou. 2002. Lipopolysaccharide recognition: CD14, TLRs 
and the LPS-activation cluster. Trends Immunol 23: 301-4. 
Triantafilou, M., S. Morath, A. Mackie, T. Hartung, and K. Triantafilou. 2004. Lateral 
diffusion of Toll-like receptors reveals that they are transiently confined within lipid 
rafts on the plasma membrane. J Cell Sci 117: 4007-14. 
Tsui, I. S., C. M. Yip, J. Hackett, and C. Morris. 2003. The type IVB pili of Salmonella 
enterica serovar Typhi bind to the cystic fibrosis transmembrane conductance 
regulator. Infect Immun 71: 6049-50. 
Uzzau, S., G. S. Leori, V. Petruzzi, P.R. Watson, G. Schianchi, D. Bacciu, V. Mazzarello, T. 
S. Wallis, and S. Rubino. 2001. Salmonella enterica serovar-host specificity does not 
correlate with the magnitude of intestinal invasion in sheep. Infect Immun 69: 3092-
3099. 
van de Vosse, E., M.A. Hoeve, and T. H. Ottenhoff. 2004. Human genetics of intracellular 
infectious diseases: molecular and cellular immunity against mycobacteria and 
Salmonellae. Lancet Infect Dis 4: 739-49. 
van der Velden, A. W., M. Velasquez, and M. N. Stambach. 2003. Salmonella rapidly kill 
dendritic cells via a caspase-1-dependent mechanism. J Immunol 171: 6742-9. 
van Diemen, P. M., M. B. Kreukniet, L. Galina, N. Bumstead, and T. S. Wallis. 2002. 
Characterisation of a resource population of pigs screened for resistance to 
salmonellosis. Vet Immunol Immunopathol 88: 183-96. 
Vazquez-Torres, A., and F. C. Fang. 2001a. Oxygen-dependent anti-Salmonella activity of 
macrophages. Trends Microbiol 9: 29-33. 
Vazquez-Torres, A., and F. C. Fang. 2001b. Salmonella evasion of the NADPH phagocyte 
oxidase. Microbes Infect 3: 1313-20. 
Vazquez-Torres, A., B. A. Vallance, M.A. Bergman, B. B. Finlay, B. T. Cookson, J. Jones-
Carson, and F. C. Fang. 2004. Toll-like receptor 4 dependence of innate and adaptive 
immunity to Salmonella: importance of the Kupffer cell network. J Immunol 172: 
6202-8. 
Vazquez-Torres, A., Y. Xu, J. Jones-Carson, D. W. Holden, S. M. Lucia, M. C. Dinauer, P. 
Mastroeni, and F. C. Fang. 2000. Salmonella pathogenicity island 2-dependent 
evasion of the phagocyte NADPH oxidase. Science 287: 1655-8. 
Vazquez-Torres, A., J. Jones-Carson, A. J. Baumler, S. Falkow, R. Valdivia, W. Brown, M. 
Le, R. Berggren, W. T. Parks, and F. C. Fang. 1999. Extraintestinal dissemination of 
Salmonella by CD18-expressing phagocytes. Nature 401: 804-8. 
Velge, P., A. Cloeckaert, and P. Barrow. 2005. Emergence of Salmonella epidemics: the 
problems related to Salmonella enterica serotype Enteritidis and multiple antibiotic 
resistance in other major serotypes. Vet Res 36: 267-88. 
Vidal, S. M., D. Malo, K. Vogan, E. Skamene, and P. Gros. 1993. Natural resistance to 
infection with intracellular parasites: isolation of a candidate for Beg. Cell 73: 469-
85. 
Watson, P.R., S. M. Paulin, P. W. Jones, and T. S. Wallis. 2000. Interaction of Salmonella 
serotypes with porcine macrophages in vitro does not correlate with virulence. 
Microbiology 146 (Pt 7): 1639-49. 
129 
Weinstein, D. L., B. L. O'Neill, D. M. Hone, and E. S. Metcalf. 1998. Differential early 
interactions between Salmonella enterica serovar Typhi and two other pathogenic 
Salmonella serovars with intestinal epithelial cells. Infect Immun 66: 2310-8. 
Wells, S. J., P. J. Fedorka-Cray, D. A. Dargatz, K. Ferris, and A. Green. 2001. Fecal 
shedding of Salmonella spp. by dairy cows on farm and at cull cow markets. J Food 
Prot 64: 3-11. 
Wick, M. J. 2004. Living in the danger zone: innate immunity to Salmonella. Curr Opin 
Microbiol 7: 51-7. 
Wigley, P. 2004. Genetic resistance to Salmonella infection in domestic animals. Res Vet Sci 
76: 165-9. 
Withanage, G. S., P. Kaiser, P. Wigley, C. Powers, P. Mastroeni, H. Brooks, P. Barrow, A. 
Smith, D. Maskell, and I. McConnell. 2004. Rapid expression of chemokines and 
proinflammatory cytokines in newly hatched chickens infected with Salmonella 
enterica serovar Typhimurium. Infect Immun 72: 2152-9. 
Wood, R. L., and R. Rose. 1992. Populations of Salmonella Typhimurium in internal organs 
of experimentally infected carrier swine. Am J Vet Res 53: 653-8. 
Wray, C., and A. Wray. 2000. Salmonella in domestic animals. CABI Pub., Oxford, New 
York. 
Yamada, H., S. Mizuno, and I. Sugawara. 2002. Interferon regulatory factor 1 in 
mycobacterial infection. Microbiol Immunol 46: 751-60. 
Yrlid, U., and M. J. Wick. 2002. Antigen presentation capacity and cytokine production by 
murine splenic dendritic cell subsets upon Salmonella encounter. J Immunol 169: 
108-16. 
Zaharik, M. L., B. A. Vallance, J. L. Puente, P. Gros, and B. B. Finlay. 2002. Host-pathogen 
interactions: Host resistance factor Nrampl up-regulates the expression of Salmonella 
pathogenicity island-2 virulence genes. Proc Natl Acad Sci USA 99: 15705-10. 
Zhang, S., L. G. Adams, J. Nunes, S. Khare, R. M. Tsolis, and A. J. Baumler. 2003. Secreted 
effector proteins of Salmonella enterica serotype Typhimurium elicit host-specific 
chemokine profiles in animal models of typhoid fever and enterocolitis. Infect Immun 
71: 4795-4803. 
Zhao, S. H., J. Recknor, J. K. Lunney, D. Nettleton, D. Kuhar, S. Orley, and C. K. Tuggle. 
2005. Validation of a first-generation long-oligonucleotide microarray for 
transcriptional profiling in the pig. Genomics 86: 618-25. 
130 
ACKNOWLEDGEMENTS 
I wish to extend sincere appreciation to those many people whose help, patience and 
support made this thesis possible. In particular, I wish to acknowledge my mentor Dr. Shawn 
Bearson and my major professor Dr. Chris Tuggle for their outstanding insight and excellent 
guidance during the entire period of my graduate studies in the United States. They have 
done more than I can remember, and I would have been unable to do any of this work 
without their support and assistance. Thank you for your invaluable input in the organization 
of this thesis in its early development and for answering numerous questions and problems 
which arose throughout the work. Thank you for giving graciously of your time to the 
constructive criticism of this thesis. Dr. Shawn Bearson, I sincerely thank you for your 
patience, kind understanding and support during those times when my motherly duty was 
taking over the research work. 
I am expressing my deep felt thanks to Dr. Tom Stabel for serving as my mentor at 
the initial stages of my graduate work. Thank you for setting-up the animal studies described 
in this work and developing initial experimental analyses. I am particular in debt for your 
support and understanding when I needed it the most and for making my life in the United 
States easier by teaching me to drive. 
Special thanks is expressed to Dr. Kelly Lager, whose project has brought me here to 
the United States. 
Grateful acknowledgments and thanks are extended to Dr. Joan Lunney for her 
invaluable scientific insight and evaluation of the work presented in this thesis and for critical 
revisions of the manuscripts. 
Appreciation and thanks are given to Dr. Susan Lamont, Dr. James Harp and Dr. Joan 
Cunnick for serving on my graduate committee. Thank you for your critical scientific 
evaluation of the thesis, your comments and suggestions. 
131 
I am also very grateful to Shu-Hong Zhao, for teaching me several experimental 
techniques and for contributing to this work with valuable advice, suggestions and assistance. 
My sincere appreciation is expressed to the people at NADC for their continual 
enthusiasm and invaluable help in teaching me to perform experimental procedures for this 
work. In particular, I would like to acknowledge Ann Jensen, Deb Clauser, Ann Vorwald, 
Deb Adolphson, Dr. Vijay Sharma and Dr. Steve Carlson. 
My thanks is also expressed to Kellie Winter for proofreading this thesis. 
Sincere thanks goes to my family for their faith in me and their continuous support; 
and even though their thoughtful blessings were coming far from Lithuania, I felt them at 
every step of my way. Deepest thanks are going to my mother for her enormous devotion 
and help. Without her caring assistance every day in raising my children, you would not be 
reading the last pages of my thesis. 
